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ABSTRACT 

 Presented in this dissertation are proteomic analysis studies focused on identifying 

proteins to be used as vaccine candidates against Coccidioidomycosis, a potentially fatal 

human pulmonary disease caused by inhalation of a spore from the soil-dwelling 

pathogenic fungi Coccidioides posadasii and C. immitis.  A method of tandem mass 

spectrometry data analysis using dual protein sequence search algorithms for increasing 

the total protein identifications from an analysis is described.  This method was utilized 

in a comprehensive proteomic analysis of cell walls isolated from the dimorphic fungal 

pathogen C. posadasii.  A strategy of tandem mass spectrometry-based protein 

identification coupled with bioinformatic sequence analysis was used to produce a list of 

protein vaccine candidates for further testing.  A differential proteome analysis using 

stable isotope protein labeling was undertaken to identify vaccine candidate proteins that 

are more highly expressed in the spherule, or pathogenic phase, of C. posadasii.  The 

results of these analyses are 9 previously undescribed protein vaccine candidates isolated 

from spherule cell walls that have sequence indications of extracellular association such 

as GPI anchors and N-terminal signal sequences and antigen potential based on 

homology to known antigenic or secreted proteins.  An additional 14 proteins identified 

from spherule cell walls are potential vaccine candidates based on extracellular sequence 

predictions without any indications of antigenic potential.  The stable isotope labeling 

study has identified 3 more proteins that are preferentially expressed in spherules and 

exhibit antigenic potential based on extracellular localization or homology to known 

antigenic proteins.  Additionally, there were 5 unknown function proteins identified by 
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stable isotope labeling that are more highly expressed in spherules that may be good 

vaccine candidates but cannot be identified or localized by sequence analysis.   

 The dual algorithm protein identification method presented here is a new 

technique to address some common shortcomings associated with a proteomic analysis.  

The comprehensive proteomic analyses of Coccidioides posadasii presented here have 

provided new targets for Coccidioidomycosis vaccine development as well as insights 

into the proteome of this pathogen, such as the sequence comparison of C.posadasii 

proteins to human proteins, as well as a comprehensive analysis of predicted protein 

function in the Coccidioides proteome. 
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1  CHAPTER ONE:  BACKGROUND AND SIGNIFICANCE 

 

Partial content of this chapter has been published in: 

Rohrbough, J.G., J. Galgiani, V.H. Wysocki; 2007.  The Application of Proteomic 

Techniques to Fungal Protein Identification and Quantification.  Annals of the New 

York Academy of Sciences 1111: 133-146. 

 

1.1 Coccidioides and vaccine development 

1.1.1  History of coccidioides spp. and coccidioidomycosis (Valley Fever) 

 Coccidioides immitis and Coccidioides posadasii (collectively referred to as 

Coccidioides) are dimorphic fungal pathogens of humans and other mammals.  Both 

species are essentially morphologically identical and are not known to differ in 

pathogenicity.  Infection with Coccidioides is normally manifested as a flu-like human 

pulmonary disease called coccidioidomycosis, or more commonly, Valley Fever.  It is 

estimated that approximately 150,000 new human infections occur each year
1
, of which 

95% resolve with no or minimal medical intervention,
2
 although approximately 5% of 

cases result in disseminated disease which can be fatal.  Recovery from Valley Fever is 

associated with lifelong immunity to the disease, 
1, 3

 suggesting that creation of a human 

vaccine is biologically possible. 

 Infection by Coccidioides was first described by Argentinean physicians Alejandro 

Posada and Roberto Johann Wernicke in 1892 .
4, 5

  The Posada-Wernicke Disease, 

characterized by a severe disseminated form of coccidioidomycosis termed coccidioidal 
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granuloma, was thought to be caused by a protozoan.
6
  Initially, the only known form of the 

fungus was the pathogenic spherule form isolated from infected tissue.  The soil dwelling 

form of the fungus, known as mycelia, was initially thought to be a contaminant of growth 

media.  The correct identification of Coccidioides immitis (the only known species at the 

time) as a fungus was not made until 1900 by Ophüls and Moffitt.
7
  Ophüls later identified 

Coccidioides immitis as a dimorphic pathogen when he made the link between mycelia and 

spherules.
8
  

 For many years, coccidioidal infection was believed to manifest itself as only the 

disseminated form of the disease.  The link between coccidioidal granuloma and the 

relatively mild flu-like Valley Fever was not made until the accidental infection of a 

medical student working with a laboratory strain of Coccidioides in 1929.
9
    A review of 

several cases by Drs Ernest Dickson and Myrnie Gifford led to the proposal of the term 

coccidioidomycosis to describe both the severe granuloma infection, as well as the 

relatively benign Valley Fever infection.
10, 11

   

 

1.1.2 Coccidioides life cycle 

 The life cycle of Coccidioides consists of two phases, the saprobic soil-dwelling 

phase, and the parasitic phase into which the fungus differentiates upon entering a host 

mammalian lung, as shown in Figure 1.1.  The saprobic or mycelial phase is characterized 

by growth of filamentous hyphae.  The multinucleate hyphae elongate and separate, 

producing small arthroconidia spores with 1-3 nuclei
12, 13

 which can become aerosolized 

and germinate to form more mycelia in the soil.  Alternatively, if deposited in a suitable 
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host environment, they may begin differentiation into the parasitic cycle.  Upon entering 

the host lung, a barrel-shaped arthroconidium remodels into a spherical cell, enlarges, 

undergoes multiple cycles of mitosis, undergoes repeated cell division and internal 

segmentation, resulting in the development of mature spherules containing scores of 

endospores.
14

  Upon maturation, the mature spherules burst, releasing endospores that can 

regenerate spherules in the host.  Upon the death of the host, fungal elements can return to 

the soil, and the saprobic phase can resume.
15

  It is believed that spherule maturation is the 

same both in vivo and in vitro.
16

   

 

Figure 1.1  The Coccidioides life cycle 
(Figure reproduced with permission from 

17
 Delgado, N., J. Xue, J. J. Yu, et al. 2003. A 

recombinant beta-1,3-glucanosyltransferase homolog of Coccidioides posadasii protects mice 

against coccidioidomycosis. Infect Immun 71: 3010-3019.) 

 

  
 

1.1.3  Coccidioides speciation 

 Based upon DNA sequence analysis, Coccidioides species are fungi in the phylum 

Ascomycota, class Euascomycetes, order Onygenales, and family Onygenaceae.  

Phylogenetic analysis has identified the non pathogenic fungus Uncinocarpus reesii as the 
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most closely related to C. immitis/posadasii, with the fungal pathogens Histoplasma 

capsulatum and Blastomyces dermatitidis also belonging to the family Onygenaceae.
18

   

Understanding these taxonomic relationships is helpful not only by providing sources of 

comparison to help understand the biology of Coccidioides, but also by identifying closely 

related species whose sequenced genomes can provide protein sequences for databases 

used in proteomic analyses (described later). 

 All strains of Coccidioides were designated C. immitis until 2002 when Fisher et al.
19

 

described a separate species (C. posadasii-named after Dr. Posada) based on sequence 

analysis of multiple strains.  Today, it is believed that C. immitis is localized primarily to 

the San Joaquin Valley of California, and C. posadasii exists in the environment outside of 

California, including Arizona, New Mexico, Utah, Texas and Central/South America.   

 

1.1.3.1 Coccidioides strains in common research use 

   There are multiple laboratory-maintained Coccidioides strains that are routinely used 

for research.  These strains include Silveira, C735 and RS.  Of these, Silveira has been used 

for the longest time, especially for vaccine development and other immunologic studies.  

Silveira was isolated by Friedman et al in 1951
20

 from a human with non-disseminated 

disease who recovered within 4 years.  Although originally isolated from a patient in 

California, Silveira is a strain of C. posadasii.  Silveira is the strain used for all experiments 

performed and detailed in this dissertation.   

 Another common C. posadasii strain is C735.  This strain was isolated by Yuan and 

Cole from a patient with disseminated coccidioidomycosis first reported in 1987.
21

  C735 is 



 23 

the C. posadasii strain used for genome sequencing by The Institute for Genomics 

Research (TIGR), now known as the J. Craig Venter Institute (http://www.tigr.org).   

 The other commonly used laboratory strain that will be discussed here is the C. immitis 

strain RS.  RS was isolated by Henry and Ruth Walch , initially reported in 1967.
22

  RS is 

the strain used by the Broad Institute for genome sequencing of C. immitis 

(http://www.broad.mit.edu).  Predicted protein sequences from both sequenced genomes 

are used for proteomic analyses described in this dissertation. 

 

1.1.4 Immunization against coccidioidomycosis 

 The understanding that coccidioidal infection produced immunity was first described 

in 1896 by Rixford after inoculating a dog from infected human tissue.
6
  The link between 

human infection and subsequent immunity was cemented by Smith in 1940 with a 

comprehensive epidemiological study of 432 Coccidioides-infected patients from Kern and 

Tulare counties in California.  In this study, only 2 of the 432 patients showed signs of a 

second coccidioidal infection, and these 2 cases were described as “clinical pictures which 

were not clear-cut”.
23

   

 While coccidioidomycosis can be caused from infection by either species of 

Coccidioides, there has been some concern that immunity would be species or even strain 

specific.
24

  However, Pappagianis has concluded that immunization with one strain of 

Coccidioides is effective in providing protection from infection by other strains and 

species.
25

  This idea bodes well for the development of vaccine components by separate 

research groups utilizing different Coccidioides laboratory strains.   
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1.1.5 Vaccine development 

 Vaccine preparations produced from spherule cells have long been known to perform 

better than vaccines derived from mycelia cells.  Studies of immunization in mice by 

Levine in 1960 identified spherule-based vaccinations as superior to mycelial vaccination.  

In that study, mice immunized with spherules exhibited a 3 percent mortality rate, 

compared to 28 percent in mice immunized with mycelia, and 75 percent mortality in the 

unvaccinated control animals.
26

    This study and others indicate the importance of 

analyzing the pathogenic phase of the fungus in vaccine development research.  

 

1.1.5.1 Whole cell vaccine 

 Studies to assess the protective effect of whole formalin-killed spherule (FKS) vaccine 

in humans was undertaken by Pappagianis, Levine and Smith in 1967.
27, 28

  In these studies, 

sensitivity to coccioioidin (a response seen in individuals who have recovered from 

Coccidioides infection) was conferred to subjects that were initially negative, indicating an 

immune response to vaccination.  In light of these results, field trials were undertaken in 

the early 1980s with a total of approximately 1400 humans that were inoculated with a 

killed spherule vaccine, versus approximately 1400 patients given a NaCl placebo.  The 

results were a slight but statistically insignificant decrease in Coccidioides infection in the 

vaccinated patients with no difference in disease severity versus the control group.
29

  It is 

believed that the amount of vaccine dose received by the human subjects was only 0.1% of 

the dose needed to immunize mice due to the local irritant effect of the vaccine injection.  
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Because of these findings, researchers have shifted the focus from whole cell to subcellular 

vaccine candidates. 

 

1.1.5.2 Subcellular vaccines 

 A study by Kong et al showed the effectiveness of cell wall vaccines from formalin-

killed spherules.
30

  In this study, the spherules were disrupted and separated into cell-wall 

and soluble cellular fractions used to vaccinate mice.  Mice vaccinated with the cell wall 

fraction displayed a 70% survival rate after 61 days, compared to a 10% survival rate of 

mice vaccinated with the soluble cellular fraction, and 0% survival of the unvaccinated 

control animals.  This study, published in 1963, pushed the focus of Coccidioides vaccine 

research towards spherule cell-wall associated components. 

 

1.1.5.2.1 Aqueous extraction 

 In an attempt to reduce the irritant effect of whole cell vaccines, Pappagianis and 

coworkers produced a phosphate buffered saline (PBS) extract of disrupted spherule cell 

walls that was tested in mice for protective effect.
31

  When used as a vaccine in mice, the 

PBS extract produced an 80% survival rate versus a 10% survival of unvaccinated controls.  

While the results were encouraging, additional analysis of this subcellular vaccine has not 

been reported. 
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1.1.5.2.2 Alkali extraction 

 The Alkali-Soluble, Water-Soluble (ASWS) extract of mycelial cell walls was 

originally produced as a skin test for Coccidioides infection since it elicits an immune 

response in infected animals.
32

  Further analysis of the extract indicated a potential use as a 

vaccine when it was discovered that mice immunized with ASWS had an 80% survival rate 

after 35 days of infection, versus a 10% survival rate in control mice.
33

  Later work by Cox 

and Magee indicated that the ASWS derived from spherule cell walls was more protective 

than that from the mycelia.
34

  Additional studies to identify the protective components of 

ASWS reported the presence of two immunogenic components,
35

 one of which was 

Antigen 2 (Ag2), later identified as the Proline-Rich Antigen (PRA) as described below.    

 

1.1.5.2.3 Spherule outer wall 

 When grown in vitro, cultured spherules produce a membranous spherule outer wall 

(SOW) component that is shed into the liquid media.
36

  Observations in culture suggest that 

the antigenic components of the SOW become concentrated as the cells mature.  This SOW 

component was shown to be immunoreactive against serum from infected human 

patients
37

, and contains SOW glycoprotein (SOWgp), Antigen-2 (Ag2) and the 

Coccidioides-Specific Antigen (CSA) that are discussed in detail below.  It has been 

suggested that the SOW may function as a protective barrier against host defense upon 

infection.    
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1.1.5.2.4 T27K 

 The irritant effects of the whole cell FKS vaccine lead researchers to look at a soluble, 

aqueous fraction called 27K in which the killed spherules are disrupted and centrifuged at 

27,000 × g.
38

  When analyzed for protection in mice, 27K proved as effective as the FKS 

vaccine.  Attempts to fractionate 27K into individual protective components was 

unsuccessful,
39

 so a new preparation was produced from thimerisol-killed (instead of 

formalin-killed) spherules to produce the T27K subcellular vaccine.
40

  T27K is as 

protective as the original 27K, but is more amenable to fractionation attempts using gel 

filtration and anion exchange chromatography.  Testing of some of these sub-fractions of 

T27K have shown some protective characteristics, however identification of individual 

protective components are ongoing.  Two recent identifications by proteomic analyses of 

T27K, a superoxide dismutase (SOD) and an alpha mannosidase (Amn1) are described 

below.  Another recent analysis of the T27K preparation using MS identification of 

proteins separated by 2-D gel electrophoresis found several of the vaccine antigens 

discussed below, including HSP-60, GEL1, ELI-Ag1 and Pmp1.
41

 

 

1.1.5.3 Recombinant protein vaccine antigens 

1.1.5.3.1 Ag2/PRA 

 Antigen 2 (Ag2), was first identified in 1978 by two-dimensional 

immunoelectrophoresis (IEP) from the crude antigen preparations coccidioidin and 

spherulin,
42

 and also found in the alkali-soluble, water-soluble mycelial and spherule 

extracts.
43

  Ag2 was not sequenced until 1996.
44

  A parallel antigen discovery of a proline-
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rich antigen (PRA) from a toluene spherule lysate was made in 1991.
45

  PRA was also 

sequenced in 1996,
46

 at which point it was discovered Ag2 and PRA were the same protein.   

 A recent study of truncated recombinant versions of Ag2/PRA
47

 demonstrated the 

effectiveness of the first 106 residues of this 194 amino acid protein.  The recombinant 

peptide consisting of residues 1-106 was as protective in vaccinated mice as the full-length 

protein.  These findings allow for the substitution of the full length protein in antigen 

preparations which reduces the total amount of protein in a vaccine dose, and improves the 

likelihood that a recombinant chimeric protein consisting of antigenic portions of multiple 

proteins would provide an effective vaccine.    

 

1.1.5.3.2 CSA 

 The Coccidioides-specific antigen (CSA) was first identified by Kaufman and 

Standard in 1978 as an exoantigen found in all tested Coccidioides strains, but not found in 

other fungal pathogens.
48

  CSA has been isolated from both spherules,
49

 and infectious 

arthroconidia
50

 and was classified as a serine protease in 1987.
21

  It was not until 1995 that 

the protein sequence for CSA was determined by sequencing of the N-terminal and 

proteolytically produced peptides, as well as sequence determination of isolated cDNA.
51

  

Further testing was not attempted until recently, when recombinant CSA combined with 

rAg2/PRA (the 1-106 fragment described above) produced in Saccharomyces was tested in 

mice
52

.  This chimeric antigen preparation produced a 90% survival rate in mice after 60 

days of infection, compared to a 30% survival rate with rCSA alone, and 60% with 

rAg2/PRA alone.  All unvaccinated control animals were dead within 40 days (with 34 of 
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35 control mice gone within 20 days).  This study also highlighted the effectiveness of a 

multivalent versus a univalent vaccine.   

 

1.1.5.3.3 URE 

 The urease (URE) gene codes for a urea amidohydrolase protein that catalyzes urea 

hydrolysis.  The protein was first isolated from C. immitis and characterized by Yu et al. 

from the Cole laboratory.
53

  The gene was cloned in E. coli, and both the recombinant 

protein and the URE gene itself were tested for protection against coccidioidomycosis in 

mice.  Vaccination with rURE protein produced an 80% survival rate in mice after 40 days 

of infection, compared to a 0% survival of control animals.  The URE gene itself, given as 

an expression vector cDNA vaccine, was also somewhat effective in mice, producing a 

40% survival rate after 40 days.
54

  The high eukaryotic protein homology of rURE and the 

poor track record of DNA vaccines in humans,
15

 has created some skepticism as to the 

effectiveness of URE protein or cDNA as vaccine candidates.
34

  Recent work, however, 

suggests that URE contributes to the virulence of Coccidioides, perhaps by increasing the 

localized ammonia concentration and exacerbating the host inflammatory response
55

.  This 

study also showed a 55% survival rate in mice after 60 days of infection with a URE 

knockout strain of Coccidioides.  These results suggest that URE is perhaps more attractive 

as a candidate for gene suppression rather than direct use as a vaccine antigen. 
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1.1.5.3.4 GEL1 

 GEL1 was identified by the Cole laboratory from computational analysis of the C. 

posadasii genome.
17

  Sequence analysis indicates that it is a β-1,3-glucanosyltransferase 

with a predicted N-terminal signal sequence and a predicted glycosylphosphatidylinositol 

(GPI) anchor site, all of which suggest a cell-wall association.  This localization was 

confirmed by immunofluorescent staining which placed GEL1 on the exterior of the 

endospore cell wall.  In the vaccination study, rGEL1 expressed in E. coli produced a 70% 

survival rate after 40 days in vaccinated mice.  All unvaccinated control animals were dead 

by day 20.  This study was followed by a more detailed analysis of the specific immune 

response of rGEL1-vaccinated mice.
56

  The identification of GEL1 as a viable protein 

antigen was one of the first studies initiated using bioinformatic methods, pointing out the 

value of this technique for future vaccine candidate identifications. 

 

1.1.5.3.5 ELI-Ag1 

 ELI-Ag1 is a protein identified from an expression library immunization (ELI) 

method
57

.  In this method, the sequenced genome is divided into ten sub-libraries utilizing 

cDNA isolated from C. posadasii (strain Silveira), with each sub-library containing 

between 80-100 genes.  Each sub-library was inserted into an expression vector and used to 

vaccinate mice.  Two of the ten initial sub-libraries were shown to be protective in mice 

challenged with Coccidioides infection.  The most protective initial sub-library was 

fractionated into 5 daughter libraries.  This manner of sub-library isolation and 

fractionation continued until a single gene was isolated.  The ELI-Ag1 cDNA that was 
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isolated produced a survival rate of 80% at 40 days when used to vaccinate mice.  Analysis 

of the 224 amino acid gene product sequence indicates the presence of a GPI anchor and an 

N-terminal signal sequence.  Work is currently underway to express ELI-Ag1 in a 

eukaryotic system for testing of the recombinant antigen.  This study is another example of 

the value of bioinformatic techniques combined with biochemical isolation of potential 

vaccine antigens. 

 

1.1.5.3.6 SOWgp 

 The Spherule Outer Wall glycoprotein (SOWgp) was isolated in 2000 from the SOW 

preparation described above (Section 1.1.5.2.3) and shown to be the major antigenic 

component of the SOW complex that is capable of eliciting both humoral (antibody) and 

cellular immune responses.
58

  It was also shown that SOWgp was expressed only on the 

surface of immature spherules.  Later, SOWgp was cloned and expressed in E. coli, and 

shown to contain proline- and aspartic acid-rich region repeats, as well as a GPI anchor and 

N-terminal signal sequence.
59

  In the same study, SOWgp was putatively identified as an 

adhesin, based on its ability to bind host extracellular matrix proteins.   

 An analysis of recombinant SOWgp as a vaccine showed a “modest level of 

protection” in mice based on increased clearance of the fungus from the lung.  The 

rSOWgp was used to create antiserum for western blots which were used to probe the 

expression levels of SOWgp in the parasitic phase of Coccidioides.  The production of 

SOWgp was shown to be cyclic, with the highest expression levels occurring in 

presegmented spherules, and decreased levels during spherule maturation.
60

  The control of 
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SOWgp levels was later shown to be modulated by activity of a metalloprotease known as 

MEP1,
61

 which is capable of proteolytic digestion of SOWgp in vitro.  Mice immunized 

with rSOWgp and then infected with a MEP1 knockout strain of Coccidioides had high 

survival rates (approx. 55%) compared to immunized mice infected with wild-type 

Coccidioides or with a MEP1 knockout strain with restored MEP1 activity.  MEP1 

expression levels are also shown to increase during the early stages of endospore 

formation.  These results suggest that Coccidioides is able to modulate the host immune 

response by the presence of SOWgp on the surface of maturing spherules, which elicits an 

ineffective humoral immune response, instead of the more effective cellular immune 

response.  This idea is supported by recent work that analyzed the evolution of SOWgp 

proteins in both C. posadasii and C. immitis strains which suggests that this protein is under 

selective evolutionary pressure to allow the fungus to more efficiently evade host immune 

defenses.
62

   

 Since endospores are the only cell morphology of the pathogenic phase of 

Coccidioides that are small enough to be phagocytized by host immune cells, the removal 

of SOWgp proteins from the cell surface by MEP1 allow the endospores to escape 

detection during the short period of time they are susceptible to phagocytosis.
63

  This 

theory also helps to explain the survival of phagocytized endospores seen by Drutz and 

Huppert in 1983.
16

  Despite some success with vaccination, SOWgp is not considered a 

prime vaccine antigen target,
15, 34

 however the studies described above highlight the 

potential usefulness of SOWgp/MEP1 function in understanding host immune response and 

the virulence of Coccidioides infection.  
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1.1.5.3.7 TCRP 

 The T-Cell Reactive Protein (TCRP) was first isolated by the Kirkland et al.
64

 from an 

arthroconidia preparation known as the soluble conidial wall fraction (SCWF) that had 

previously been shown to elicit a T-cell mediated (cellular) immune response.
65

  The 

protein was cloned and expressed in E. coli with predicted homology to mammalian 4-

hydroxyphenylpyruvate dioxygenase which degrades phenylalanine to tyrosine.
66

  The 

recombinant TCRP was subsequently tested for immunogenicity in mice,
67

 where is was 

deemed to have a “modest protective effect”.  This protein’s effect as a stand-alone vaccine 

antigen is limited, but may prove useful as part of a multivalent vaccine for its T-cell 

directed immunogenicity.  

 

1.1.5.3.8 HSP-60 

 The heat shock protein HSP-60 of Coccidioides immitis was identified as a possible 

antigen based on homology to known bacterial and lower eukaryotic HSPs that have been 

shown to be immunoprotective antigens.  In the fungal pathogen Histoplasma capsulatum, 

the HSP-60 homolog is a glycoprotein isolated from both cell wall and membrane 

fractions.  Based on these observations, the HSP-60 of Coccidioides was cloned and 

expressed in E. coli and shown to elicit a T-cell immune response.
68

  Despite these 

encouraging findings, testing of rHSP-60 as a vaccine in mice resulted in a disappointing 

16% survival rate of vaccinated mice at 40 days post-infection (versus loss of all control 

animals by day 22).
54

  Based on these results, HSP-60 is no longer considered a viable 

vaccine candidate.
15
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1.1.5.4 Antigen identifications by proteomic methods 

 While there are numerous examples of protein antigen identifications in Coccidioides, 

more modern proteomic analyses utilizing mass spectrometry (MS) have only recently been 

reported.  These studies have primarily focused on identification of antigenic proteins.  The 

analysis of T-cell reactive antigens associated with the spherule cell wall by 1 and 2-D 

electrophoresis protein separations followed by peptide identification via tandem MS 

(MS/MS) identified a protective aspartyl protease (Pep1).
69

  Another analysis of 

seroreactive spherule cell wall proteins separated by 2-D electrophoresis and analyzed by 

MS/MS identified two more protective protein antigens, Phospholipase B (Plb) and a 1,2 

Alpha-mannosidase (Amn1), in addition to Pep1, all of which were shown to be protective 

in mice as a multivalent recombinant protein vaccine.
70

   

 A 2-D DIGE analysis of differential protein expression between the mycelial and 

spherule phases of C. posadasii, resulted in the identification of a new vaccine candidate 

protein, a peroxisomal matrix protein known as Pmp1, also shown to be protective in mice 

against coccidioidal infection.
71

  Immunoblot analysis of a 2-D gel of the thimerisol-

inactivated spherule vaccine  (T27K) was analyzed by MS, resulting in the identification of 

a putative Cu, Zn superoxide dismutase (SOD),
41, 72

  as well as Amn1.
73, 74

 While the 

protective effects of SOD have yet to be determined, homology to similar dismutases in 

other pathogenic fungi suggest a possible role in virulence.  

 Another study purified N-glycan containing glycoproteins from the T27K subcellular 

preparation by lectin affinity chromatography followed by SDS-PAGE separation.
75

  From 

this study, a 60 kDa protein component was identified by MS, with homology to a 1,3 
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glucanosyltransferase from C. posadasii and other fungi.  Further analysis of this protein is 

ongoing. 

 

1.1.6 Future vaccine development 

 The future of vaccine development for coccidioidomycosis likely rests in the 

engineering of a multivalent protein vaccine.
34

  Recent work detailed above by Tarcha and 

coworkers has shown the efficacy of a mixture of multiple recombinant proteins
70

 as well 

as a promising chimeric antigen expressed in the Galgiani laboratory containing the 

sequences of two separate protein antigens.
52

  The production of a vaccine for this human 

pathogen probably does not depend on the discovery of a single, as-yet unknown antigen, 

but rather depends on the concerted development of multiple immunoreactive components 

that provide protective immunity when administered together.  To this end, efforts to 

identify multiple new protein antigens are likely to pay great rewards.  It is with this goal in 

mind that the Coccidioides proteomic analyses described in this dissertation were 

performed. 

 

1.2 Proteomics 

 With the increasing number of sequenced genomes, proteomics is a field of study 

that has expanded rapidly in the last decade to encompass a wide variety of techniques 

and technologies.  While protein analysis is not new, many recent advances in 

bioinformatics as well as mass spectrometry have increased the speed and breadth of 

samples that can be efficiently analyzed.  Older methodologies such as protein sequence 
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determination by Edman degradation, amino acid composition analysis or gel based 

analytical methods like western blots still have their place in specific research endeavors, 

but are somewhat less applicable to the high-throughput nature of modern proteomic 

analyses.   

 A proteomic analysis of a system involves the collection, separation, 

identification, and functional determination of the expressed proteins of a sample,
76

 

which can lead to a better understanding of protein function and regulation of a system.  

A detailed analysis of the proteome can then lead to protein targets for disease 

identification, treatment or vaccine development.  The general steps of a proteomic 

analysis after the collection of a sample of interest are extraction of the proteins from the 

sample mixture, proteolytic digestion to produce peptides, peptide separation, peptide 

identification, and determination of identity and function of proteins present in the 

original sample.  A brief overview of a typical proteomic analysis strategy is shown in 

Figure 1.2.  The methods (sample preparation, ionization type, mass analyzer, etc) 

employed for a proteomic analysis may vary depending on the starting material and the 

goal of the analysis.  

 

1.2.1 Protein analysis 

 There are many difficulties encountered in the analysis of proteins in a biological 

sample.  The most obvious is the inherent complexity of many samples.  Many proteins 

are present in locations that prohibit easy analysis, such as membrane-bound proteins that 

are difficult to solubilize.  Very large and very small proteins can also be difficult to  
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Figure 1.2  Typical proteomic analysis strategy   

analyze and detect.  Not all proteins are present in equal abundance, a concept known as 

dynamic range.
77

   This leads to a difficulty in detection of low-abundance proteins in the 

presence of highly abundant ones.  Unlike RNA-based methods of transcript 
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amplification, sample protein levels cannot be increased to facilitate analysis of low 

abundance proteins.  Any undertaking of a proteomic analysis will likely require 

addressing at least one of these difficulties. 

 Recent advances in transcript identification may lead investigators to use mRNA 

analysis to infer protein presence.  It is important to note, however, that while analysis of 

the mRNA levels of a system provides insights into gene expression, those levels may not 

correlate with protein abundance.  Protein levels can vary as much as 30-fold relative to 

the mRNA levels coding for that protein.
78 

  

 

1.2.2 Mass spectrometry 

 The most common methods of analysis utilize mass spectrometry (MS) for 

protein and peptide identification.  Sample proteins can be analyzed whole, in what is 

known as a top-down proteomic analysis,
79

 or analyzed as peptides from protein 

digestion in a bottom-up approach.  Top-down proteomics is less popular primarily due to 

the need for expensive and complex high-resolution mass spectrometers.  Bottom-up 

methods can include peptide identification by high-resolution mass determination from a 

single round of MS, known as peptide mass fingerprinting,
80

 or more commonly, peptides 

are identified by peptide fragmentation in a tandem mass spectrometry experiment 

(MS/MS) to facilitate amino acid sequence correlation.
81

  In MS/MS, the peptides are 

separated by the mass analyzer and then subjected to fragmentation.  The masses of the 

fragment ions are determined by a second mass analyzer (or in a second round of MS in a 

trapping-type instrument).  Since different peptides will fragment differently, this 
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technique allows not only for the identification of peptides with different masses, but also 

those with the same or similar masses.
82, 83

  An overview of the MS/MS process for 

identifying proteins from peptide fragmentation is shown in Figure 1.3.  In the general 

process, peptides are isolated from a mixture of ions in the first mass analyzer (or in the  

first round of MS in an ion-trapping type instrument), then transferred to a collision cell 

containing a background gas such as helium where the peptide ions collide with the gas 

molecules and fragment.  The mixture of fragment ions is then transferred to a second 

mass analyzer (or the second round of MS in an ion trap) to separate the fragment ions 

prior to passing to a detector.  The final protein identifications are made by computer 

search algorithm analysis of the tandem mass spectrum. 
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 There are six common peptide fragment ion types produced by backbone cleavage 

as shown in Figure 1.4.  If the fragmentation process results in the cleavage of the peptide 

bond, the N-terminal fragment ion is called a b ion, and the C-terminal ion is known as a 

y ion.  Similarly, if the cleavage occurs between the alpha carbon and the carbonyl of the 

peptide backbone, a and x ions result from a charged N-terminal fragment and C-terminal 

fragment, respectively.  Finally, cleavage of the peptide backbone between the alpha  

carbon and the amine results in the analogous c and z ions.  The most common ions 

produced by collision induced dissociation with a background gas in an ion trap are the b 

and y ions.   
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1.2.3 Protein/peptide separation 

 Protein complexity can be reduced with some relatively simple methods of 

protein separation such as one (1-DE)
84

 and two-dimensional (2-DE)
85

 electrophoresis.  

These gels are run under denaturing conditions, including heat, detergent (such as SDS), 

and a reductant (such as Dithiothreitol or β-mercaptoethanol) for disulfide bond cleavage.  

In addition to reducing the sample complexity, gel electrophoresis can also be used for 

sample clean-up (removal of salts, detergents, etc).  1-DE involves the separation of 

denatured proteins based on size, while 2-DE starts with a separation of proteins by 

isoelectric point, followed by separation by size.  A variation of the 2-DE method 

utilizing fluorescent dyes for protein quantification is known as Difference Gel 

Electrophoresis (DIGE), which will be discussed later (Section 1.2.7.4).  After protein 

separation using electrophoresis, in-gel digestion is often used to produce and extract 

peptides prior to MS analysis.
86

   

 

1.2.3.1 Liquid chromatography peptide separation 

 The complex peptide mixtures from a 1-DE gel or solution digest in a bottom-up 

experiment can be further separated by utilizing High Performance Liquid 

Chromatography (HPLC) on-line peptide separation methods.  The most common peptide 

separation is known as reverse-phase (RP) LC.  Using this method, the peptides are 

separated by hydrophobicity by eluting peptides bound to the RP packing material using 

an organic solvent (such as acetonitrile or methanol) gradient flow by HPLC.
87

  Another 

LC separation method used is strong cation-exchange (SCX) which separates peptides by 
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charge, where the peptides bound to the SCX material are eluted by a salt buffer.  SCX is 

often used in conjunction with RP separation in a method known as MudPIT,
88

 (Multi-

dimensional Protein Identification Technology).  MudPIT utilizes a column containing 

both RP and SCX chromatography phases described above, which allows for easier and 

automated analysis of biological mixtures, by reducing the complexity of peptides with a 

method that does not require protein separation by electrophoresis.  A diagram of the 

MudPIT technique is shown in Figure 1.5.  While MudPIT is often used to analyze 

solution-digested proteins, 1-DE has been used as a sample clean-up step, followed by 

MudPIT analysis. 

 

1.2.4 Ionization methods 

 There are several types of ionization methods used for MS analysis, but there are 

two primary ones used in proteomics.  Electrospray ionization (ESI),
89

 and its closely-

related small volume cousin nano-electrospray (nano-ESI),
90

 involve injection of analyte 

(peptide or protein) molecules exiting the LC in solution into the mass spectrometer.  A 

major advantage of ESI is the ease of coupling on-line separation methods such as RP 

and SCX prior to ionization and MS analysis.  Also, ESI produces multiply-charged ions, 

allowing for identification of larger ions in an instrument with a low mass-to-charge 

(m/z) ratio limit.  

 The second major ionization method used in proteomics is matrix-assisted laser 

desorption/ionization (MALDI).
91, 92

  The sample of interest is mixed with a matrix, 
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spotted onto a sample plate, and then excited by a laser beam that ionizes and transfers 

analyte molecules into the gas phase for analysis.  Advantages of MALDI ionization 

include a larger analyte mass range and higher tolerance of salts than ESI.  Disadvantages 

include the cost of a laser-based system as well as interference from the background 

signal produced by the matrix. 

 

1.2.5 Mass analyzers 

 After the protein or peptide molecules have been ionized and put into the gas 

phase, they enter the mass spectrometer for analysis.  There are several methods of mass 
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analysis in mass spectrometry, but there are four major types utilized in proteomic 

analyses.  All mass analyzers operate on the same basic principle of separation of ions by 

their mass to charge (m/z) ratio.  The first type is the quadrupole mass analyzer, which 

utilizes four parallel metal rods that carry both a radio-frequency (RF) and a direct 

current (DC) voltage to produce a magnetic field to influence the path of ions.  

Manipulation of the settings for the RF and DC voltages allow for the selection of ions of 

a particular m/z ratio as they flow through the instrument.  Ion identification is made by 

automated interpretation of the RF/DC settings of the quadrupole correlated to the time 

ions impact a detector.  Quadrupole mass analyzers are some of the oldest and best 

defined and have been mainstays of MS analysis for decades.  These reasons plus the 

relative simplicity of operation and more affordable cost are advantages associated with 

quadrupole mass analyzers.  A major disadvantage associated with quadrupoles is the 

necessity of multiple mass analyzers to accomplish MS/MS, which increases both the 

complexity and cost of a system. 

 

1.2.5.1 Ion traps 

 There are two common ion-trap mass analyzers based on the physics of the 

quadrupole mass analyzer.  The first is the Quadrupole Ion Trap (QIT),
93

 which utilizes a 

3-dimensional ion trapping configuration that allows for trapping of all sample ions, 

followed by the selective release of ions for detection.  The second common ion trap 

instrument is the newer Linear Ion Trap (LIT),
94

 which is also based on the RF/DC 

combinations of the quadrupole, only in a 2-dimensional linear arrangement of the trap.  
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Like the QIT, the LIT traps all sample ions allowing for selective ion release to the 

detector.  Another ion trap mass analyzer is the Fourier transform ion cyclotron resonance 

(FTICR, or just FT)
95

 MS that utilizes a superconducting electromagnet for ion control.  

The benefits of ion-trapping mass analyzers include the ability to perform multiple 

rounds of MS and parent ion fragmentation within the same mass analyzer, as well as an 

increase in signal to noise ratio.  Disadvantages of the QIT/LIT analyzers include limited 

resolution and mass accuracy.  While the FT has excellent resolution and mass accuracy 

appropriate for top-down sequencing, it is relatively large and expensive and is more 

difficult to couple to LC-based sources. 

 

1.2.5.2 Time of flight 

 The final common mass analyzer is the Time of Flight (TOF)
96

 which is a much 

simpler system than either a quadrupole or FT-based mass analyzer.  In the TOF, ions are 

separated by the time it takes them to travel the length of the analyzer, with the smaller 

m/z ratio ions impacting before larger ones.  In addition to its simplicity of operation, the 

TOF mass analyzer is also valued for its enhanced m/z range, mass accuracy and 

resolution over quadrupole-based instruments.  Disadvantages of TOF include the 

difficulty of coupling the pulsed analysis with continuous-ionization LC-based peptide 

separation, and the need for an additional mass analyzer to accomplish MS/MS.  TOF 

instruments that are commonly used in proteomic analysis include the quadrupole 

coupled to a TOF (QTOF), or two TOF analyzers in sequence (TOF-TOF). 
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1.2.6 Data analysis 

 MS/MS spectra typically do not directly provide a peptide sequence.  While it is 

possible to interpret MS/MS spectra for de novo sequence identification, the current level 

of understanding of peptide fragmentation is not advanced enough to make de novo 

sequencing as effective as spectrum matching.  In spectrum matching, spectral 

information is matched to known peptide sequences and predicted fragment ion m/z 

values from protein sequence databases.  Some of the more popular database collections 

include the National Center for Biotechnology Information (NCBI) which includes most 

of the public domain sequence databases, included in the non-redundant (NR) database.  

Another collection of sequences is the Swiss Prot database which has many sequences, 

but also has a large amount of functional annotation included with the sequences to allow 

for easier identification of functionality of listed proteins.
83

  If the genome of the 

organism being analyzed has not been sequenced, the best strategy is to build a database 

of closely-related species, or search against the NR database, with the realization that the 

larger the database, the longer the search process will take, and the greater the rate of 

false positive (random) identifications.  There are several different sources for sequenced 

fungal genomes.  Among these are the Broad Institute (http://www.broad.mit.edu), the 

Sanger Institute (http://www.sanger.ac.uk), The Institute for Genomic Research (TIGR) 

(now known as the J. Craig Venter Institute) (http://www.tigr.org), and Génolevures 

(http://cbi.labri.fr/Genolevures).   
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1.2.6.1 Database search algorithms 

 Peptide sequences are matched to spectral information using a database search 

algorithm.  Two of the most common licensed programs are SEQUEST
97

 and Mascot.
98

  

A third, newer algorithm is the open-source XTandem.
99, 100

  While each of these 

programs is in common use in proteomic research today, a recent evaluation
101

 

highlighted the strengths and weaknesses of these algorithms and also suggested the 

validity of using multiple search algorithms as a way of minimizing false positive 

identifications in a consensus approach.  In this review of search algorithms, the authors 

found that the SEQUEST search algorithm was more sensitive than Mascot or XTandem 

which means it is better able to correctly identify spectra of poor quality.  Mascot and 

XTandem on the other hand, were found to be more specific than SEQUEST, meaning 

that they do a better job of discriminating between correct and incorrect matches.  The 

authors concluded that a consensus approach that pairs a more specific search algorithm 

(such as XTandem) with a more sensitive one (such as SEQUEST) is likely to reduce 

false positive protein identifications.  An investigation of this consensus approach for 

identification of proteins from single peptide matches is presented in Chapter 2 of this 

dissertation.  A similar method using SEQUEST and Mascot for validation of protein 

identifications is described by Resing et al.
102

  In addition, there is a commercial software 

algorithm known as Scaffold (Proteome Software Inc.) that uses validation between three 

search algorithms:  Mascot, SEQUEST and XTandem.  It is important to note, however, 

is that neither of these methods focuses on single-peptide identifications, and both require 

additional software licenses. 



 48 

1.2.6.1.1 Mascot 

 The Mascot search algorithm is a probability-based database search algorithm.  It 

provides a calculation of the probability that a peptide sequence from the database being 

searched matches the experimental spectrum by chance.  The algorithm analyzes each 

experimental spectrum using an iterative process to find the set of most intense fragment 

ion peaks that produce the highest Mascot score.  The Mascot score is calculated from the 

random sequence match probability (P) using the equation: Mascot score = -10log10P.  

While the score is dependent on the protein length, a good score is typically 70 or greater.   

 

1.2.6.1.2 SEQUEST 

 The SEQUEST search algorithm is what is known as a heuristic algorithm, which 

predicts the fragmentation spectrum of each peptide in the database (that matches the 

parent ion mass) and compares it with the experimental spectrum.  SEQUEST analyzes 

the 200 most abundant ions in the experimental spectrum, divides the spectrum into 10 

bins, and normalizes the relative intensity of the ions in each bin to 100.  The program 

then compares the modified predicted and binned normalized experimental spectra and 

scores each predicted database spectrum based on criteria such as continuity of b and y 

ion series, presence of immonium ions for H, Y, W, M or F, as well as the total number 

of predicted ions found in the experimental spectrum.  The fragment ions in the top 500 

scoring theoretical spectra are then assigned an abundance of 50, 25 or 10.  Ions 

corresponding to the b and y ion series are assigned abundances of 50, any ions within 1 

mass unit of the b and y ions are assigned an abundance of 25, and ions corresponding to 
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water and ammonia losses of the b and y ions are assigned an abundance of 10.  Each of 

the 500 theoretical spectra are then compared to the experimental spectrum and assigned 

a cross-correlation (XCorr) score.  The peptide corresponding to the theoretical spectrum 

with the highest XCorr score is reported as the match.  In the event that two different 

peptides match the spectrum almost as well, the result is considered ambiguous.  An 

additional scoring parameter that compares the XCorr scores of the top two matching 

peptides is known as the ∆Cn score.  If the difference between the top two XCorr scores 

(the ∆Cn) is below a user-set threshold (such as 0.1), the matches are too close and no 

identification is made because the result is considered ambiguous. 

 

1.2.6.1.3 XTandem 

 The XTandem search algorithm differs from the previous programs by virtue of 

the fact that it is an open-source program that does not require purchase of a license for 

use.  It is also a heuristic search algorithm like SEQUEST that predicts fragmentation 

spectra for database peptides, but only performs those predictions on peptides that have 

few internal missed enzymatic cleavage sites.  This allows the search algorithm to operate 

much faster than either SEQUEST or Mascot on a given dataset.  XTandem also 

incorporates some known variations in fragmentation based on peptide sequence, such as 

the trend for increased fragmentation on the N-terminal side of proline residues.
103
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1.2.6.2 Protein sequence analysis tools 

 After the identified peptides are matched to protein sequences, there may be a 

need to further analyze the protein sequence to elucidate function, modification or 

cellular location.  One of the tools available for this is the basic local alignment search 

tool (BLAST).
104

  BLAST can search both nucleotide and protein databases to identify 

protein homology, which is useful when the database used for peptide identification is 

insufficiently annotated with functional information.  Additional information such as 

subcellular localization can be found using the TargetP
105

 localization predictor.  

Identification of possible cell membrane or cell wall glycosylphosphatidylinositol (GPI) 

anchors can be performed using the big-PI Fungal Predictor,
106

 or the automated 

detection of GPI-anchored proteins using the DGPI prediction algorithm.
107

  A third 

online algorithm (called TMHMM) can be used to predict hydrophobic transmembrane 

regions within a protein sequence using both a Hidden Markov Model as well as Neural 

Network prediction schemes.
108, 109

  Another useful program is the Gene Ontology Tool 

110
 to infer functional classification of proteins.  More helpful sequence analysis programs 

can be found at the EXpert Protein Analysis System (ExPASy) proteomics server 

(http://www.expasy.ch).  Additional tools for analysis of mass spectrometry data can be 

found at the Protein Prospector (http://prospector.ucsf.edu), as well as helpful proteomics 

software at the Proteome Commons (http://www.proteomecommons.org). 
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1.2.7 Protein quantification 

 The area of differential proteomics has seen several advances in recent years.  

Three of the newer techniques can be used for differential quantitative analysis using 

mass spectrometry (a technology that does not lend itself well to quantitative 

measurement unless internal standards are used).  Each of the techniques involve 

differential labeling of proteins from different samples using stable isotopes, such as 

deuterium, 
15

N, or 
13

C.  There are two ways to label proteins with these isotopes:  

biological incorporation, where cells are grown on media enriched with the isotope being 

used.  The second method is known as chemical incorporation, where the isotopically-

labeled tag is added to proteins after extraction (often reacting with primary amine groups 

or cysteine residues).  Regardless of label incorporation method, corresponding labeled 

and unlabeled peptides will be detected in the mass spectrometer at the same time.  A 

diagram of chemical and biological stable isotope labeling is shown in Figure 1.6.  

Quantitative data is derived by comparing the ratio of areas of the MS peaks for labeled 

and unlabeled peptides.
111 

 

1.2.7.1 Isotope coded affinity tag (ICAT) 

 Of the three main methods, for differential protein analysis, ICAT (Isotope Coded 

Affinity Tag) was the first established.  It involves a chemical incorporation of a 

deuterium-labeled reagent consisting of a thiol-specific reactive group (derived from 

iodoacetamide) that binds to cysteine residues in proteins.  Attached to the reactive group 

is a poly-ether amide linker that can be labeled with deuterium atoms, or remain  
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unlabeled with hydrogen, or other stable isotopes such as 
13

C.  This linker is also attached 

to a biotin moiety.
112

  A diagram of a deuterated ICAT label is shown in Figure 1.7.  

Using the ICAT method, proteins are collected from two conditions to be analyzed (such 

as diseased and healthy cells).  One of the protein mixtures is reacted with unlabeled 

(light) ICAT and the other mixture with labeled (heavy) ICAT.  In both cases, the thiol-

reactive group binds to cysteine residues of the proteins.  The mixtures are then combined 

and subjected to proteolytic cleavage.  Each of the labeled peptides now has a biotin 

affinity tag, which can be used to separate the heavy-labeled peptides from light-labeled 

peptides using a streptavidin column.
113

  This leads to a less complex mixture of peptides, 

easing the separation and analysis by mass spectrometry.  Quantification is then 

performed by comparing the ratio of areas of the MS peaks for labeled and unlabeled 
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peptides.  An example of 
13

C ICAT labeling for differential protein quantification is 

shown in Figure 1.8.
114

  In this figure, the area under the curve of the elution profiles of  

both labeled and unlabeled peptides is shown, along with the MS/MS fragmentation 

spectra of each peptide for sequence identification. 

 The primary advantage of ICAT labeling is the ability to label proteins that cannot 

be labeled using biological incorporation techniques, such as human serum samples.  

ICAT also allows for decreasing the complexity of a complex biological mixture by the  
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use of biotin affinity separation, as well as allowing for the identification of low 

abundance proteins by biotin-assisted concentration of the protein.  The main 

disadvantage of ICAT compared to other labeling methods is the fact that only cysteine- 

containing proteins and peptides can be identified.  This not only increases the ambiguity 

of some protein identifications,
115

 it also prevents the identification of any proteins that 

do not contain a cysteine.
116

   

 

1.2.7.2 Isotope tagging for relative and absolute protein quantitation (iTRAQ) 

 A variation of the ICAT technique has been recently introduced called iTRAQ 

(Isotope Tagging for Relative and Absolute protein Quantitation).  The iTRAQ system 

(developed by Applied Biosystems) consists of a Peptide-Reactive Group (PRG) that 

reacts with primary amines of peptides (i.e. lysine side chains and amino-termini).  The 

PRG is attached to a balancing group with a mass of 28, 29, 30, or 31 Da.  This balancing 

group is also attached to a reporter group with a mass of 117, 116, 115 or 114 Da.  The 

balance group and the reporter group are matched so that the entire tag is isobaric with 

the other three tags.  A diagram of the iTRAQ tag is shown in Figure 1.9.
117

  When 

subjected to fragmentation in MS/MS, the tag is cleaved between the PRG and balance 

groups and between the balance and reporter groups.  The balance group is a neutral 

molecule that will not be detected by MS.  The cationic reporter group can then be 

detected along with all of the normal peptide fragmentation ions.  The quantification is 

performed by analyzing the differential abundances of the four product ions of the 

reporter groups.
118

  An example of protein quantification using iTRAQ labeling is shown 
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in Figure 1.10.  This figure shows the typical peptide fragmentation spectrum in Panel A, 

including amino acid sequence from b and y ions.  Panel B is a magnification of the m/z 

region corresponding to the location of the reporter groups. 

 The primary advantage of the iTRAQ system is the same as that for standard 

ICAT:  the chemical incorporation of label.  It also has the advantage over ICAT in being 

able to label all peptides in a mixture, not just those containing cysteine.  It also allows 

for the analysis of four different conditions at one time, rather than just two with ICAT.  

The biggest disadvantage of iTRAQ comes from the MS identification.  The low masses 

of the reporter groups requires analysis by an instrument with no (or a low) mass cutoff 

that allows for identification of product ions of 114-117 Da.  This means a standard 

quadrupole ion trap instrument cannot be utilized for iTRAQ identifications.  Analysis 
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would most likely be done with a QTOF or a MALDI-TOF instrument (with an 

associated collision cell), although recent advances in 2D linear ion trap operation can 
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allow for a low mass cutoff around 50 Da.   

 

1.2.7.3 Stable isotope labeling by amino acids in cell culture (SILAC) 

 The last quantitative labeling technique is SILAC (Stable Isotope Labeling by 

Amino acids in Cell culture).  SILAC is a biological incorporation method in which the 

cells of interest are grown in stable isotope-enriched media.  The first introduction of 

SILAC
116

 was done with deuterium-labeled leucine added to the media of mouse primary 

cells.  An example of protein quantification using SILAC labeling is shown in Figure 

1.11.  While the acronym SILAC was coined relatively recently, it is a derivative of an 

earlier technique involving the growth of cell cultures on 
15

N isotopically-enriched media 

resulting in the incorporation of the isotope into all amino acids.
119, 120

  This method 

results in more complicated analysis of the mass spectra (due to each amino acid residue 

having at least one 
15

N incorporated), but allows for analysis of changes of protein 

expression levels as low as 10%.
115

  A disadvantage of this method is the increase in the 

number of isobaric amino acids with 
15

N glutamic acid/
15

N glutamine, and 
15

N aspartic 

acid/
15

N asparagine, in addition to the normal isobaric residues of leucine/isoleucine and 

glutamine/lysine.  This increased number of indistinguishable amino acids leads to 

increased ambiguity in peptide identification by MS/MS of 
15

N-labeled peptides.
121

 

 

1.2.7.4 Two-dimensional difference gel electrophoresis (DIGE) 

 Another widely used quantification technique is the 2-Dimensional Difference 

Gel Electrophoresis (DIGE).
122

  DIGE uses a system of fluorescent markers that bind to  
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proteins in a sample, allowing for quantification of labeled proteins in a 2-D gel upon 

excitation of the marker by a laser.  Samples of interest can then be in-gel digested with a 

protease and analyzed by MS/MS.  Advantages of DIGE include the relative ease of use 

of the fluorescent markers compared to stable-isotope label incorporation.  Disadvantages 

include the cost of markers and the requisite laser scanner as well as the fact that most 

spots on a 2-D protein gel contain more than one protein, leading to ambiguity in 

assignment of abundance.  

 

1.2.8 Application of proteomic analysis to fungal systems 

 There are several examples of proteomic analyses of fungal organisms to be found 

in the current literature.  Many of these utilize some of the techniques described above, 

such as an analysis of the obligate plant pathogen Uromyces appendiculatus.
123

  In this 

analysis, proteins were extracted from uredospores, digested and then separated by 

MudPIT.  The analysis identified over 400 proteins, many of which are associated with 

protein-production such as translation factors, ribosomal proteins, and amino acid 

synthetases.  These results led the authors to hypothesize that the uredospores exist in a 

suspended state of translation that allows the spore to begin protein production rapidly 

upon germination. 

 An analysis of the human pathogen Candida albicans incorporated 2-DE 

separation of cell wall proteins prior to MS analysis.
124

  In this study, the cell walls of the 

yeast and hyphae morphologies were subjected to protein extraction by SDS and 

Dithiothreitol (DTT) or cyanogen bromide (CNBr)/trypsin digestion.  This study 
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produced a total of 82 SDS/DTT-extractable cell wall proteins from both yeast and 

hyphal samples.  Seven of these proteins were shown to be upregulated in the yeast-

hyphae transition, and 2 were down-regulated.  There were an additional 29 proteins 

identified from the CNBr/trypsin digestion of both cell types, 12 of which are hyphae-

specific, and 6 that are yeast-specific.  These protein identifications have not only 

increased the understanding C. albicans biology, but also identified a heat-shock protein 

that is up-regulated in the yeast-hyphae transition, but not at the mRNA level.  These 

results suggest that this protein is regulated at a post-translational level in the fungal cell 

wall. 

 Another analysis also focused on C. albicans, illustrating the applicability of 

proteomics to vaccine development.
125

  In this study, an extract of yeast cell wall proteins 

was shown to be effective in protecting mice from infection.  This study identified and 

characterized 20 proteins that reacted with antibodies from the serum of immunized 

animals.  Many of the identified proteins were determined to play important roles in 

adhesion, cell surface hydrophobicity and immunogenic activity.  These protein 

identifications have produced target antigens to be used in the development of a 

subcellular vaccine against C. albicans infection.  

 There are other examples of fungal proteomics such as the analysis of proteins 

secreted by the phytopathogen Sclerotinia sclerotiorum.
126

  In this study, both mycelial 

and secreted proteins were separated by 2-DE.  This analysis identified 18 secreted 

proteins, along with 95 mycelial proteins that provide insight into the fungal lifecycle and 

pathogenicity.  One protein had not been previously identified in analysis of mRNA 
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levels, highlighting the value of direct protein identifications, rather than protein presence 

inferred from transcript analysis. 

 The quantitative technique SILAC was used in a study of the complete proteome 

of Saccharomyces cerevisiae.
127

  In this analysis, yeast cells were grown in normal media 

or media containing labeled lysine.  The proteins collected from the cells were digested 

and the resulting peptides were analyzed on a linear ion trap-FT mass spectrometer 

capable of extremely high peptide mass accuracy.  Peptides were identified by MS/MS 

fragmentation resulting in identification of over 2000 S. cerevisiae cytoplasmic proteins.  

These identifications included low abundance proteins corresponding to about 100 

protein copies per cell.   

 Another recent analysis used SILAC-like stable isotope labeling for protein 

quantification in Schizosaccharomyces pombe.
128

  In this study, fungal cells were treated 

with Cd
2+

 and labeled with deuterated leucine to determine what effect the toxic metal 

had on protein production.  This study identified 106 proteins that were up-regulated and 

55 that were down-regulated in response to Cd
2+

 treatment.  In addition, 28 of the up-

regulated proteins were revealed to be proteins involved in detoxification of reactive 

oxygen species (ROS) or repair of damaged cellular components.  This study serves to 

highlight the applicability of proteomics to analysis of environmental effects on cellular 

metabolism. 
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1.2.9 Proteomic analyses for extracellular protein identification 

 There are many cases in the literature of proteomic analysis applied to 

identification of vaccine targets, excreted proteins, and proteins associated with the cell 

membrane.  These include an analysis of membrane proteins in the opportunistic human 

pathogen Psuedomonas aeruginosa,
129

 as well as identification of proteins excreted by 

Mycobacterium tuberculosis as potential protein antigens.
130, 131

  Proteomic analysis has 

also been utilized to identify specific pathogen-associated proteins from M. tuberculosis 

by comparison to the nonpathogenic relative M. bovis.
132

  Additional studies have been 

performed on other organisms prevalent in human disease, such as the analysis of 

excreted proteins from the human parasitic liver fluke Fasciola hepatica, in the search for 

potential vaccine candidates.
133

  More recent studies have employed MudPIT analysis for 

the identification of potential vaccine antigens from cell membranes of erythrocytes 

infected with the malaria parasite Plasmodium falciparum
134

 as well as comparative 

proteomics between Plasmodium spp..
135

 

 

1.2.10 Fungal cell wall proteomes 

 Additional studies involving the specific identification of fungal cell wall proteins 

by comprehensive proteomic analysis of covalently attached proteins have been recently 

undertaken.  A proteomic analysis of the human opportunistic fungal pathogen Candida 

albicans using HF-pyridine to specifically cleave GPI anchored proteins by hydrolysis of 

the phosphodiester linkage between the protein and the cell wall, as well as NaOH 

incubation to remove alkali-senstitive covalently attached cell wall proteins.
136

  A similar 



 64 

study by the same research group used a similar chemical fractionation strategy for 

identifying proteins from the cell wall of Saccharomyces cerevisiae leading to the 

identification of 19 GPI-linked and alkali-sensitive proteins using both HF and NaOH 

extraction as well as a direct cell wall digestion with proteases.  While the chemical 

treatment steps using HF and NaOH removed proteins that were later identified by 

MS/MS analysis, all of the proteins were identified using the protease digestion.
137

  This 

suggests that direct protease digestion of cell wall components is a valid strategy for 

identifying cell wall associated proteins. 

 

1.2.11 Criteria to be used in Coccidioides proteomic analyses 

 In the cell wall proteome analysis described in Chapter 3 of this dissertation, the 

dual algorithm search technique detailed in Chapter 2 will be utilized for the 

identification of proteins from single-peptide matches from MS/MS data.  Only those 

spectra that are identified by both SEQUEST and XTandem as the same peptide 

sequence, and match C. posadasii sequences will be included in the final list of identified 

proteins.  Following the bioinformatic analysis approach detailed in Chapter 3, any 

potential vaccine antigen targets identified from single peptide matches from both search 

algorithms will be manually validated from the source spectrum.  An example of this 

process is shown in Figures 3.6 and 3.7.  Chapter 4 describes a differential proteomic 

analysis to search for high-abundance spherule proteins using 
15

N stable isotope labeling.  

In this analysis, proteins more highly expressed in spherules (compared to mycelia) are 

analyzed using bioinformatic methods to identify potential protein vaccine candidates. 
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2  CHAPTER TWO:  VERIFICATION OF SINGLE-PEPTIDE PROTEIN 

IDENTIFICATIONS BY THE APPLICATION OF COMPLEMENTARY DATABASE 

SEARCH ALGORITHMS 

 

The content of this chapter has been published in: 

Rohrbough, J. G., L. Breci, N. Merchant, S. Miller and P.A. Haynes; 2006. Verification of 

Single-Peptide Protein Identifications by the Application of Complementary Database 

Search Algorithms.  Journal of Biomolecular Techniques 17(5): 327-332 

 

Data produced from MudPIT analysis of yeast (S. cerevisiae) and rice (O. sativa) 

were used to develop a technique to validate single-peptide protein identifications using 

complementary database search algorithms.  This results in a considerable reduction of 

overall false-positive rates for protein identifications; the overall false discovery rates in 

yeast are reduced from near 25% to less than 1%, and the false discovery rate of yeast 

single-peptide protein identifications becomes negligible.  This technique can be 

employed by laboratories utilizing a SEQUEST-based proteomic analysis platform, 

incorporating the XTandem algorithm as a complementary tool for verification of single-

peptide protein identifications.  We have achieved this using open-source software, 

including several data-manipulation software tools developed in our laboratory, which 

are freely available to download.  
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2.1 Introduction 

Protein identification from complex biological mixtures often involves the 

application of tandem mass spectrometry techniques 
138, 139

 such as MudPIT 
140, 141

, which 

involves digestion of the protein mixture with a protease such as trypsin, followed by two 

stages of liquid chromatography separation using strong cation exchange (SCX) and 

reverse-phase (RP) separation.  Peptides eluting after these separations are subjected to 

ionization and fragmentation in the mass spectrometer.  Database search algorithms are then 

used to match the acquired spectra to peptide sequences from a protein database.  Examples 

of such programs include SEQUEST 
138, 142

, Mascot 
143

, Spectrum Mill 
144

, ProteinLynx 
145

, 

XTandem 
146-148

, and OMSSA.
149

  When a protein is identified from several unique peptide 

spectra, the inherent redundancy of identification improves the confidence in protein 

identification, even if the confidence of some of the peptide identifications is low.  As the 

number of peptides assigned to each protein sequence decreases, the confidence of protein 

identification drops correspondingly.  

There are many examples in current literature of proteomic analyses performed by 

application of the MudPIT technique.
150-154

  However, there is no consensus on the search 

parameters used for the database search algorithms, or the treatment of proteins identified 

from single peptides.  It is not correct to simply disregard single-peptide matches.  Such 

peptides may be the only detectable peptide from an enzymatic digest, and therefore 

perfectly valid for identification purposes.  It is equally incorrect to include all proteins 

identified from single peptides, because of the variability in protein identification from poor 

mass spectra, resulting in a high rate of false-positive identifications.
155-158
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There have been numerous attempts to validate protein identifications from current 

database search algorithms, including: linear discriminate analysis used to determine the 

accuracy of search algorithm assignments 
159

;  the Qscore algorithm using a probabilistic 

scoring system and analysis of false-positive identification rates using a reverse database 
160

; 

the heuristic approach to assigning false discovery rates 
161

; the normalization of peptide 

identification scoring systems based on the length of the peptide 
162

; utilization of the tryptic 

status of peptides as an additional level of validation 
140, 162-164

; the application of a support 

vector machine (SVM) to distinguish between correct and incorrect peptide identifications 

by SEQUEST 
165

; and the inclusion of orthogonal parameters such as exact mass 

measurements of selected peptides.
166

  One published report describes a proteomic analysis 

in which the final results were in the form of a consensus between the output from two 

different search algorithms.
167

  However, neither this report, nor any of those mentioned 

above, specifically addresses the issue of improving the confidence rate of assignment for 

proteins identified from a single peptide.  Several authors, however, have noted that 

consensus analysis of dual algorithm searching programs has considerable merit in terms of 

protein identification confidence levels.
144, 168

 

Our aim in this study was to develop a basic set of software tools that would 

enable us to achieve 95%, or greater, confidence of assignment for both single- and 

multiple-peptide based protein identifications, using only freely available, open-source 

software in addition to our existing SEQUEST analysis platform.  As a consequence, all 

software tools developed and used in this project are made freely available via our 

laboratory website. 
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2.2 Materials and Methods 

The data used in the development and testing of this approach were acquired from 

triplicate MudPIT analyses of yeast (S. cerevisiae) mixed organelle lysate sample 

(designated Y1,Y2 and Y3), prepared and analyzed as described 
150

, and rice (O. sativa) 

leaf, root and seed organ lysate samples (designated R1seed, R2root and R3leaf), 

prepared 
76

 and analyzed 
150

 as described.  

The entire set of tandem mass spectra collected from all 13 chromatographic steps 

in each experiment were searched using TurboSEQUEST (BioWorks version 3.1, 

Thermo Electron) 
138, 142

 run on a 16-processor IBM Beowulf cluster; with dta files 

generated from peptide spectra meeting the following criteria:  Peptide MW Range = 

400-3500 Daltons; Threshold = 1000; Precursor Mass = 1.40; Group Scan = 1; Minimum 

Group Count = 1; and Minimum Ion Count = 35.  

All SEQUEST searches were performed with no enzyme specificity indicated. 

The search parameters used were default settings except for:  peptide mass tolerance = 

1.5; max number of modified amino acids per differential modification in a peptide = 4; 

static modification mass of +57.0 for acetylated cysteine; differential residue 

modification mass of +16.0 for oxidized methionine; a maximum of 2 internal cleavage 

sites; one allowed error in matching auto-detected peaks, and a mass tolerance of 1.0 for 

matching auto-detected peaks.  SEQUEST search results were filtered using DTA-select 

v 1.9 
169

 using our laboratory default cutoff parameters : Xcorr for a 1+ ion = 1.8, Xcorr 

for a 2+ ion = 2.5, Xcorr for a 3+ ion =3.5, deltaXcorr = 0.1.
150, 170-172
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The single-peptide matches from SEQUEST were re-searched against the same 

database by XTandem version 2005.10.01.5 (open source software, available from 

http://www.proteome.ca/opensource.html).
146-148

  The default XTandem search 

parameters were used, except for the following:  a maximum valid expectation value of 

0.02; residue mass modification of +57.022 for carbamidomethylated cysteine; potential 

residue mass modification of +16.0 for oxidized methionine; enzyme specificity = none 

specified; spectrum parameters including a fragment monoisotopic mass error of  0.5 

Daltons and a parent monoisotopic mass error of +/- 2.5 Daltons; spectrum conditioning 

parameters of 100 .0 spectrum dynamic range, total spectrum peaks 50, a minimum 

parent M+H of 400.0 and a minimum fragment m/z of 150.0.  

Tandem MS spectra from rice organ samples were searched against a database of 

rice (Oryza sativa japonica) protein sequences (36318 sequences- April 2005 version), 

representing the complete rice genome, from NCBI (www.ncbi.nlm.nih.gov).  The yeast 

samples were searched against a yeast genome protein sequence database (6882 

sequences, March 2005) from the Saccharomyces Genome Database 

(www.yeastgenome.org).  Both the rice and yeast databases were supplemented with 

common laboratory contaminants.
150

  Manipulation of mass spectrometry data was 

assisted by the use of several Perl script programs designed in-house, all of which are 

freely available for download from our laboratory website as part of the Wildcat Toolbox 

(http://proteomics.arizona.edu/toolbox.html), and which are described in detail in a 

separate report.
173
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For the data analysis outlined in this report, six distinct sets of MudPIT data were 

acquired, and all six data sets were searched using SEQUEST against both a forward and 

reversed database.
160-162, 174

  False discovery rates (FDR) were calculated by determining 

the number of matches against the reversed database as a percentage of the number of 

matches against the forward database, which gives an estimate of random sequence 

matches to the database, in accordance with recently published proteomics data 

guidelines.
156, 157

  In numerical terms, FDR is FP/(TP + FP), where FP is false positives 

and TP is total positives.
161

  It is important to note that we have not addressed false 

negative assignments in this report for two reasons:  first, identification of false negative 

assignments from a biological sample where the “correct” answer is not known is 

problematic, and second, the method presented here is simply intended to limit the false 

discovery rate using available search algorithms. 

 

2.3 Results and discussion 

 The number of proteins identified in each experiment, along with the false 

discovery rate in each experiment, is shown in Table 2.1.  The salient features of this data 

are first that the largest contributor to the overall false-positive rate is very clearly those 

proteins identified from single peptides, and second that by using a two peptide minimum 

criteria our currently used SEQUEST cutoff parameters would give us a satisfactory 

confidence of protein assignment.  When a minimum of two peptides per protein is 

imposed, our current SEQUEST parameter cutoff scores produce a false discovery rate 
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below the targeted 5% threshold.  One data set out of six has a FDR of 5.7%, but the 

average for all six experiments is 3.1%. 

The DTA_sorter.pl script was developed to extract those .dta files corresponding 

to SEQUEST single-peptide identifications.  This script uses the DTASelect-filter.txt 

output file
169

 and separates all .dta files from a MudPIT run into three newly created 

folders: singlexcel, which contains all .dta files that correspond to single-peptide 

identifications; inexcel, which contains all of the .dta files that correspond to multiple-

peptide protein identifications; and notinexcel, which contains all of the remaining .dta 
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files.  The script then creates a concatenated .dta file from all of the individual .dta files 

contained in each newly created subdirectory for use in further searching. 

For data output comparison purposes, the CommonSingles.pl script was 

developed, which compares a DTASelect output file (DTASelect-filter.txt) to an 

XTandem Excel table output (obtained using the Global Proteome Machine xml input 

upview page at:  http://ww.thegpm.org).  The CommonSingles script produces a modified 

DTASelect output file that includes all of the single peptides found by XTandem that are 

also found by SEQUEST.   

 Spectra corresponding to the single peptide based protein identifications from all 

six experiments were sorted using DTA-sorter.pl, re-searched using XTandem, and the 

single peptide identifications common to both algorithms were combined with the 

multiple peptide based protein identifications using the Commonsingles.pl program.  The 

same procedure was used for both forward reverse databases to allow calculation of FDR. 

Table 2-2 shows the revised numbers of proteins identified in each of the six MudPIT 

experiments.  The false discovery rates of the overall data sets have dropped from 

approximately 25% in the initial SEQUEST searches to less than 1% in the dual 

algorithm search results, while the false discovery rates for the single peptides considered 

in isolation have dropped from around 50% to less than 1%, zero in some cases.  This is a 

dramatic improvement in overall data quality, and has been obtained without increasing 

the number of false negative assignments by simply excluding all of the single peptide 

based matches. 
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 Within the yeast samples, there is a high level of reproducibility in the results.  

When compared to samples prepared from rice organs, there is a clear difference in false 

discovery rates, as expected in samples from different biological sources.
162

  The 

reanalysis of the yeast MudPIT datasets results in the retention of an average of 76.7% of 

all proteins identified by SEQUEST, which includes on average 52.1% percent of the 

single-peptide identifications.  For the rice MudPIT datasets an average of 64.4% of the 

total proteins are retained, which includes an average of 48.3% of the single peptide 

identifications.  

While none of the partially tryptic peptides contained in the SEQUEST analysis 

data sets were confirmed by XTandem searching, a large number of fully tryptic peptides 

were dropped from the final dataset as they were not confirmed using the second 
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algorithm.  This confirms that we are not simply filtering the single peptide matches on 

the basis of tryptic status, which is essential as not all of our experiments involve solely 

trypsin digestion.  When analyzing the common singles, none of the dual algorithm 

consensus matches are partially tryptic; all are fully tryptic.  However, out of 115 single 

peptide matches dropped from Y1, 58 (50.4%) are partially tryptic, for Y2, 91 of 137 

(66.4%) are partially tryptic, and for Y3, 83 of 133 (62.4%) are partially tryptic.  Further 

analysis of the forward and reverse database search results (data not shown) demonstrates 

that imposing a fully tryptic constraint on the single peptide matches would improve the 

FDR compared to the original SEQUEST results, but would not bring it below our 

desired threshold rate of <5%. 

In conclusion, we have presented a method for verifying proteins identified from 

a single unique peptide during nanoLC-MS/MS experiments such as MudPIT analysis of 

a complex biological mixture.  For the analysis of yeast MudPIT datasets, we are able to 

produce a revised results output with an overall false positive assignment rate of less than 

1%, which still retains over 75% of the proteins initially identified.  Similarly, for 

analysis of the rice organ MudPIT datasets, we are able to retain over 60% of the proteins 

initially identified, with a revised overall false discovery rate less than 1%.  This indicates 

that application of this technique is highly reproducible for the analysis of similar 

samples, and likely to yield comparable, yet distinctly different, results for samples 

prepared from different biological sources.  

We have developed a technique that can be employed by laboratories utilizing a 

SEQUEST-based proteomic analysis platform, incorporating the XTandem algorithm as a 
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complementary tool for verification of single-peptide protein identifications.  We have 

achieved this using open-source software, including several data-manipulation software 

tools developed in our laboratory, which are freely available for download.  We make 

these programs available to other users in the spirit of open-source collaboration, and we 

hope and expect that users will modify them to fit their own needs.  For example, it 

would be relatively simple to adapt these tools for use with Mascot rather than SEQUEST 

as the primary search engine, or Mascot rather than XTandem as the secondary search 

engine.  
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3 CHAPTER THREE:  ISOLATION AND IDENTIFICATION OF PROTEINS 

ASSOCIATED WITH THE SPHERULE CELL WALL 

 

3.1 Introduction 

 This chapter describes experiments that were performed with the goal of 

identifying protein vaccine candidates that are associated with the spherule cell wall of 

Coccidioides posadasii.  As explained in Chapter 1 of this dissertation, vaccines derived 

from spherules are more effective than those derived from mycelia cells.  In addition, 

most of the current protein vaccine candidates are associated with the spherule cell wall.  

Proteomic analysis of fungal cell walls has proven effective in identifying covalently-

associated cell wall proteins in Saccharomyces cerevisiae
136, 137

 as well as the 

opportunistic fungal pathogen Candida albicans.
136

  An analysis of this type of 

Coccidioides posadasii is likely to identify previously uncharacterized protein antigen 

targets.  The cell wall protein analysis described here is, to our knowledge, the most 

comprehensive analysis yet undertaken to describe the cell wall proteome of either 

Coccidioides spp.  The results of this analysis will likely benefit areas of research from 

vaccine development to fungal biology.   

 The general approach applied to identify cell wall associated proteins by tandem 

mass spectrometry is shown in Figure 3.1.  In brief, spherules from three separate time 

points (48, 96 and 120 hours post inoculation) were collected as representative samples of 

immature, mature and endosporulating spherules, respectively (see Figure 1.1).  The cells 

were disrupted and spun down to isolate the cell wall and membranes.  Proteins were 



 77 

extracted from this pellet using both SDS extraction and direct trypsin digestion of the 

pellet.  Proteins were identified using both one-dimensional liquid chromatography 
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separation with reverse-phase packing material and two-dimensional separation known as 

MudPIT (both methods are described in detail in Section 1.2.3.1 of this dissertation). 

 Proteins identified from the spherule cell walls were then analyzed for indicators 

of extracellular localization as well as homology to human and other fungal proteins in an 

effort to identify possible vaccine candidate proteins.  The bioinformatic strategy used for 

this analysis is shown in Figure 3.2.  Any C. posadasii protein that was identified by 

MS/MS analysis, had low or moderate human homology, contained sequence elements 

predicting extracellular localization and had not been previously analyzed as a vaccine 

candidate was considered a new vaccine target for further research analysis.  Use of this 

approach on known vaccine antigens (see Section 1.1.5.3) that were found in the spherule 

cell wall analysis identified seven of nine as possible vaccine candidates.  This suggests 

that the described strategy of antigen identification will be successful in identifying new 

protein vaccine candidates for further analysis. 

 

3.2 Materials and methods 

3.2.1 Protein separation for MS/MS analysis 

 In this study, we have employed a combined approach with regards to protein 

separation methods prior to MS analysis.  Separation of proteins by gel electrophoresis is 

a good method for reducing complexity in a sample to be analyzed by MS, but is well 

known to be biased towards medium range molecular weights.
175

  Proteins of very high 

and very low molecular weight as well as hydrophobic proteins and those with extreme 

isoelectric points are also not well separated by gel electrophoresis.  Proteins with high 
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levels of glycosylation are known to spread out on a gel, lowering the concentration of 

the protein in a given section that can be identified by MS.  An alternative to reducing the 

complexity of protein samples is the use of multi-dimensional liquid chromatography 

separation of peptides such as MudPIT.  When analyzing complex mixtures such as cell 
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lysates, MudPIT peptide separation performs well, but identification of low abundance 

proteins may be masked by those of higher abundance.  In an effort to capitalize on the 

strengths of both separation methods, we designed an analysis using the combined 

protein identifications of both gel-separated and MudPIT-separated MS/MS analyses.   

 

3.2.2 Strains and growth conditions 

 Arthroconidia harvested from Coccidioides posadasii strain Silveira (isolated in 

1951, a gift from H. B. Levine at the University of California, Berkeley) stock cultures 

were inoculated into 1L of modified Converse medium
176

 at the following concentrations:  

3 × 10
9
 CFU for 48-hr spherules, 1.4 × 10

9
 CFU for 96-hr spherules and 7 × 10

8
 CFU for 

120-hr spherules.  Samples were incubated at 38°C with 20% CO2 while shaking at 160 

rpm for the appropriate time length.  All manipulations of potentially viable cells were 

conducted in biosafety level 3 (BSL-3) conditions utilizing approved standard operating 

procedures in laboratories registered with the Centers for Disease Control for select agent 

possession. 

 

3.2.3 Cell wall isolation 

 Spherules were harvested by centrifugation at 5100 rpm, 4°C for 30 min. and 

washed with sterile water.  Pelleted cells were resuspended in equal volume cold lysis 

buffer (20mM Tris-HCl pH 7.9, 10mM MgCl2, 1mM dithiothreitol (DTT), 200mM 

ammonium sulfate, 1mM PMSF, 5% v/v glycerol and 1x protease inhibitor cocktail 

(Calbiochem, San Diego, CA)) and an equal volume of glass beads.  Cells were then 
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vortexed for 60 sec and placed on ice for 60 sec, alternately, 8 times.  Disrupted cells 

were again centrifuged as above.  The cell wall pellet was resuspended in 70% ethanol 

for 30 min to ensure complete sample sterilization per BSL-3 standard operating 

procedure prior to removal from the laboratory.  After sterilization, the sample was again 

centrifuged, resuspended in 1mL lysis buffer and stored at -20°C. 

 

3.2.4 Protein extraction 

 Cell wall samples were washed three times with 500µL 1M NaCl to remove 

contaminants and non-cell wall associated proteins prior to SDS extraction.  The removal 

of loosely associated cell wall proteins with SDS extraction buffer (50mM Tris HCl pH 

7.8, 2% w/v SDS, 100mM Na-EDTA and 20 mM DTT) was performed by boiling at 

100°C for 5 minutes twice.  SDS-extracted proteins (hereafter referred to as SDS-sample) 

were then dialyzed extensively against water with 0.1% formic acid.  The remaining cell 

wall pellet was again washed with NaCl as above prior to direct trypsin digestion as 

described below.   

 

3.2.5 Sample preparation for MS/MS analysis 

 SDS-sample proteins were separated by 1-D gel electrophoresis by adding 

approximately 100µg total protein (as determined using a bicinchoninic acid (BCA) 

assay) on a 12% linear SDS-PAGE gel (Bio-Rad, Hercules, CA).  Proteins were 

visualized by silver-staining
86

 and the entire gel lane was cut into 32 slices which were 

further cut into equal size cubes of approximately 2mm each before being placed into the 
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wells of a 96-well plate.  Peptides from each of the 32 samples were extracted by 

automated in-gel trypsin digestion as previously described.
177

  Briefly, gel pieces were 

destained using 30mM potassium ferricyanide (Sigma-Aldrich, St Louis, MO) with 

100mM sodium thiosulfate (Spectrum, Gardena, CA) then dehydrated using 100% 

HPLC-grade acetonitrile.  Proteins in the gel pieces were reduced using 10mM DTT 

(Fluka, Sigma-Aldrich) in 100mM ammonium bicarbonate (AmBic) then treated with 

55mM iodoacetamide (Sigma-Aldrich, St Louis, MO) in 100mM AmBic for 

carbamidomethylation of cysteine residues.  Proteins were then subjected to in-gel 

digestion using proteomics-grade trypsin (Sigma-Aldrich) suspended in 100mM AmBic 

and incubated at 37°C.  Peptides were extracted from gel pieces using 5% acetonitrile 

with 2% formic acid.   

 Proteins remaining in the cell wall pellet after SDS extraction were manually 

reduced and alkylated using DTT and iodoacetamide then incubated in 2µg trypsin 

suspended in 300µL 100mM AmBic at 37°C for 3 hours followed by purification and 

concentration with a C-18 solid-phase extraction cartridge (3M, St Paul, MN).  

Purification and concentration were accomplished by passing peptide mixture through the 

cartridge to bind peptides.  The cartridge was then washed repeatedly with water (5% 

acetonitrile) to remove all contaminants prior to elution of the concentrated peptides by 

an 80% acetonitrile wash.  Peptides from the SDS-PAGE separated proteins (SDS-

sample) and peptides from direct trypsin digestion of cell wall pellet (Trypsin-sample) 

were dried down to minimal volume (20 µL) and stored at -20°C until MS/MS analysis.  
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Peptides from SDS-samples intended for MudPIT analysis were recombined after in-gel 

digestion and also dried to minimal volume as illustrated in Figure 3.1. 

 

3.2.6 HPLC 

 SDS-sample peptides were analyzed by Reverse-Phase (RP) LC MS/MS as 

previously described,
177

 (further details are described below) using an HPLC elution 

coupled to the ESI source of a Thermo-Finnigan LTQ linear ion-trap mass spectrometer 

(Thermo Scientific, San Jose, CA).  Recombined SDS-sample peptides and Trypsin-

sample peptides were analyzed by 2-D LC MS/MS (MudPIT)
88

 also using the LTQ 

instrument.  Four stock buffer solutions were used for both RP and 2-D LC MS/MS 

analyses, consisting of water with 0.1% formic acid (Buffer A), acetonitrile with 0.1% 

formic acid (Buffer B), 250mM ammonium sulfate (Buffer C), and 1.5 M ammonium 

sulfate (Buffer D).  Flow rates of 600 nL per minute were calibrated prior to each run. 

 

3.2.6.1 RP LC MS/MS 

 Reverse-phase analysis of the 32-gel slice SDS-sample peptides was performed 

using a single-phase column consisting of 7cm of 5µm Zorbax Eclipse XDB C-18 resin 

(Agilent Technologies, Palo Alto, CA, USA) packed into a 100 µm I.D. fused silica 

capillary pulled to a 5 µm tip using a laser puller (Sutter Instrument, Novato, CA).  Each 

sample from the gel-slice extraction was injected by direct bomb-loading of the capillary 

using 500 psi UHP helium gas or by HPLC injection using a Surveyor autosampler 

(Thermo Scientific) with Buffer A to deposit the sample on the C-18 column packing 
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material.  Elution of the sample peptides from the C-18 column was done using a 30 

minute gradient of 5 to 50% Buffer B (95 to 50% Buffer A) followed by a 5 minute 

gradient to 95% Buffer B (5% Buffer A), and then 5 minute at 95% B.  After the Buffer 

B gradient, the column was re-equilibrated with a wash of 95% Buffer A for 15 minutes 

to prepare the C-18 material for the next run.   

 

3.2.6.2 Two-D LC MS/MS (MudPIT) 

 MudPIT analysis of SDS-sample peptides (from recombined 32-gel slice samples) 

and peptides from trypsin-samples was performed by loading on a dual-phase column 

consisting of 5 cm of 5µm polysulfoethyl-A strong cation exchange (SCX) resin (PolyLC 

Inc., Columbia, MD) upstream of 7cm of 5µm Zorbax Eclipse XDB C-18 resin (Agilent) 

also packed in a 100 µm capillary as described above.  Samples were injected onto the 

column by direct bomb-loading of the capillary using 500 psi UHP helium gas or by 

injection using a Surveyor autosampler (Thermo Scientific) with Buffer A to deposit the 

sample on the SCX phase of the column.  Peptides that did not deposit on the SCX were 

eluted off the RP material by a 5-50% gradient of Buffer B (95-50% Buffer A) over 90 

minutes followed by a 50-98% gradient (50-2% Buffer A) over 5 min and a 5 min wash 

of 95% Buffer B (5% Buffer A), followed by a 20-min re-equilibration using 95% Buffer 

A (5% Buffer B).  Peptides that were deposited on the SCX were eluted in a series of 11 

salt steps (from 10-100% Buffer C and 50% Buffer D) consisting of a 5 min pulse of the 

salt followed by a 7 min wash of 95% Buffer A (5% Buffer B) prior to a 60 min gradient 

from 5-50% Buffer B (95-50% Buffer A), followed by 50-98% Buffer B (50-2% Buffer 
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A) over 5 min and a 5 min wash of 95% Buffer B.  After the Buffer B gradient, the 

column was re-equilibrated with a wash of 95% Buffer A for 20 min to prepare the C-18 

material for the next salt elution step. 

 

3.2.7 MS/MS analysis 

 Peptide samples separated as described above were ionized by electrospray 

voltage of 1.6-2.1 kV applied using a gold or platinum electrode attached to a liquid 

junction upstream of the packing material.  Peptides introduced into the mass 

spectrometer were scanned over the mass-to-charge ratio (m/z) range from 400 to 2000.  

This m/z range allows for the identification of peptides up to a mass of 6000 daltons if 

the peptide carries a +3 charge, or 4000 daltons for a +2 ion.  Utilizing data-dependent 

data acquisition, the seven most abundant peaks were automatically selected for 

fragmentation in the second round of MS using automatic peak recognition and a 30-

second dynamic exclusion window after a maximum of 5 selections of the same parent 

ion.  This dynamic exclusion window prevents the mass spectrometer from repeatedly 

selecting the same high abundant parent ions and allows for selection and fragmentation 

of lower intensity ions.  Using these settings, the mass spectrometer runs one MS scan, 

followed by seven MS/MS scans (as long as there are seven ions of high enough intensity 

and not being excluded) before repeating the process with another MS scan.  Parent ions 

were fragmented by RF excitation and collision induced dissociation with helium 

background gas at approximately 0.6 to 0.8 × 10
-5

 torr pressure in the ion trap.  Data were 
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continually collected by Xcalibur instrument software version 1.4 SR1 (Thermo 

Scientific). 

 

3.2.8 Protein database search algorithms 

 MS/MS data produced as described were analyzed using the SEQUEST database 

search algorithm
82, 178

 against a FASTA database consisting of common contaminants 

(trypsin, human keratin, protein standards for MS calibration such as bovine serum 

albumin and angiotensin, etc) followed by the C. posadasii and  C. immitis sequences 

with protein sequences of 18 more fungi as shown in Table 3.1.  Xcalibur .raw files were 

searched using TurboSEQUEST (BioWorks v 3.1) on a 16-processor IBM Beowulf 

cluster.  DTA files were generated by SEQUEST according to the following criteria:  

Peptide MW Range = 400-3500 Da; Threshold = 100;(the minimum abundance of the 

parent ion required to generate a file) Precursor Mass = 1.50 (search for all peptides in 

the database that have a mass +/- 1.5 daltons of the detected ion); Group Scan = 42 (a 

window of MS/MS scans where multiple spectra are averaged for the same parent ion 

appearing multiple times); Minimum Group Count = 2;(the minimum number of spectra 

to be averaged) and Minimum Ion Count = 10 (the minimum number of ions in the 

MS/MS scan of a parent ion required to generate a file).  SEQUEST searches were 

performed with no enzyme specified utilizing the default search parameters except: 

peptide mass tolerance = 1.5 Da; max number of modified amino acids per differential 

modification in a peptide = 4; static modification of +57.0 Da for carbamidomethylated 

cysteine; a differential residue modification of +16.0 Da for oxidized methionine; 
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maximum of 2 internal cleavage sites; one allowed error in matching auto-detected peaks; 

and a mass tolerance of +/- 1.0 Da for matching auto detected peaks.  Search results from 

SEQUEST were filtered using DTASelect and Contrast (v 1.9)
179

 with the default cutoff 

parameters (+1 ≥ 1.8, +2 ≥ 2.5, +3 ≥ 3.5, ∆Cn ≥ 0.08), specification of at least half-tryptic 

peptides (meaning each peptide either contains a lysine or arginine residue on the C-
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terminal end or the protein sequence contains K or R one residue removed from the N-

terminus of the peptide), minimum of one peptide identification per protein  and 

automated removal of all common contaminant identifications. 

 Data from multiple sample runs (such as MudPIT and RP LC MS/MS) for the 

same spherule time point were combined using the Contrast function of DTASelect and 

Contrast to create a combined dataset of all peptide identifications.  The spectra 

corresponding to single-peptide protein identifications were re-searched against the same 

protein sequence database using the XTandem database search algorithm as previously 

described,
180

 and as presented in Chapter 2 of this dissertation.  The combined datasets, 

including the validated single-peptide identifications, were then analyzed for function 

prediction as well as vaccine target candidacy as described below.  All non-C. posadasii 

peptides were scrutinized for any logical sequence errors (such as D-N substitutions that 

are isobaric with respect to the MS instrumental mass accuracy) that would allow a C. 

posadasii match.  In addition, any DNA point mutations that could result in a changed 

amino acid sequence (such as a GUU to GUC codon change resulting in a V-A 

conversion) that matched a C. posadasii peptide sequence was kept.  Any peptides that 

could not be justifiably matched to C. posadasii were excluded. 

 

3.2.9 Bioinformatics 

 After compilation of all identified and validated protein identifications, each C. 

posadasii protein sequence (obtained from the FASTA database used for searching) was 

aligned
104

 against all fungal sequences on NCBI to determine putative protein identity 
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based on homology to identified fungal proteins.  Next, protein sequences were aligned 

against human protein sequences contained in NCBI to determine the level of human 

homology.  Proteins with 50% or greater identity to a human protein sequence (with an 

E-value of  10
-4

 or less) were placed in the non-candidate category.  Proteins with less 

than 50% but greater than 30% human protein identity were placed in the moderate 

candidate category.  Finally, proteins with less than 30% human protein identity or 

greater than 10
-4

 expectation value were considered good vaccine candidates based on 

low human homology.  Sequences of proteins in the good and moderate vaccine 

candidate categories were then analyzed for indicators of cell exterior or surface 

localization using several analysis tools found on the Expert Protein Analysis System 

(ExPASy) proteomics server tools page (http://us.expasy.org).  Glycosylphosphatidyl-

inositol (GPI) linkages were predicted using the Big PI Fungal Predictor 

(http://mendel.imp.ac.at/sat/gpi/fungi_server.html)
106

, or the DGPI algorithm 

(http://129.194.185.165).
107

  N-terminal signal sequences indicating possible extracellular 

localization were predicted using TargetP
105

 (http://www.cbs.dtu.dk/services/TargetP).  

Protein sequences were analyzed for transmembrane region prediction using the 

Transmembrane Hidden Markov Model (TMHMM) server v 2.0 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/).   

 In the search for protein antigen targets to be used for further analysis as vaccine 

candidates we have used a structured bioinformatic method of estimating protein function 

and cellular localization.  Proteins identified by MS/MS analysis are scrutinized for 

homology to human proteins followed by analysis of known fungal protein homology for 



 90 

function determination.  Proteins with moderate to low human homology (<50% 

sequence identity) are then analyzed for sequence cues for extracellular localization.  

 Proteins that fall into the low and moderate human homology categories are 

subsequently analyzed using web-based prediction algorithms to identify 3 indicators of 

extracellular localization:  N-terminal signal sequence, GPI anchor, and transmembrane 

helices.  Signal sequences indicate protein transport across a membrane after translation, 

which could correspond to the cell plasma membrane.  GPI anchors indicate cell 

membrane or cell wall association, when combined with the requisite N-terminal signal 

sequence.  Finally, a predicted transmembrane protein may be associated with the cell 

membrane and contain extracellular regions that may interact with host immune defense 

mechanisms.   

 

3.3 Results 

3.3.1 Comparison of gel-separated 1-D MS/MS and 2-D MS/MS (MudPIT) protein 

identifications 

 Both gel-separated 1-D LC and MudPIT methods of protein separation are 

commonly used in proteomic analyses.  While there is certainly overlap between the two 

methods, there are numerous proteins that were found by only one method.  Figure 3.3 

shows an example for 120 hour spherules.  When combined, these methods provide 

complementary results.  This combined approach was used for all of the SDS-extracted 

proteins from each spherule time-point analyzed. 
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3.3.2 Spherule cell wall fraction protein identifications 

 Using a method of detergent extraction of loosely associated cell wall fraction 

proteins followed by direct trypsin digestion to identify covalently associated proteins we 

have produced the most comprehensive proteomic analysis of Coccidioides posadasii 

spherule cell walls to date.  A total of 645 proteins were identified from three time-points 

analyzed (48, 96 and 120 hours post-inoculation) from the SDS-sample and trypsin-

sample extraction of each.  The total list of identified proteins is shown in Table 3.2. 
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 Each protein on this list was analyzed for human protein homology and separated 

into three categories:  low human homology (<30% sequence identity), moderate human 

homology (between 30-50% sequence identity), and high homology (>50% sequence 

identity).  The total numbers in each category of human homology are illustrated in 

Figure 3.4.  The function of each identified protein, as determined by known fungal 

protein homology, was divided into six categories.  Descriptions of these categories are 

shown in the figure legend of Figure 3.5.  The separation of all identified cell wall 

associated proteins into these categories is shown in Figure 3.5. 

 

3.3.4 Protein antigen target evaluation 

 Using the bioinformatic analysis described in Section 3.2.9, we produced a list of 

74 potential vaccine antigen targets.  These proteins were scrutinized further and the 

identifications were divided into three categories:  Good target candidates (Table 3.4) 

Potential target candidates (Table 3.5) and Poor candidates that were not worth further 

analysis (data not shown).  Proteins were divided into these categories by investigation of 

sequence homology with known fungal proteins for additional information regarding cell 

localization, as well as for identification of homology with known fungal proteins 

exhibiting antigenic activity or verified extracellular localization.  Good target candidates 

are those proteins that contain predicted GPI anchor locations, or are homologous to other 

known secreted or antigenic proteins.  Potential candidates are those proteins that contain 

N-terminal signal sequences or transmembrane regions but cannot be definitively 

localized.  Poor candidates are the proteins that are determined to be localized internally 

to the cell by homology to other fungal proteins or by functional localization, as well as  
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those proteins that have been previously analyzed as vaccine candidates.  Examples of 

this include membrane proteins that localized to subcellular organelle membranes, or 

proteins with predicted N-terminal signal sequences that stay within the endoplasmic 

reticulum, and are not transported across the plasma membrane.  A summary of the 

supporting information for each good protein vaccine candidate identified is presented 

below. 

 

3.3.4.1 Vacuolar serine protease (52.m06866) PepC 

 This protein was identified in 96Trp, 96SDS, 120Trp, 120SDS from 14 peptides 

comprising 25.1% sequence coverage (125/498 residues).  It contains a predicted N-

terminal signal sequence and two possible N-glycosylation sites, both of which suggest 

extracellular association.  PepC has 27% sequence identity to human subtilisin/kexin type 

9, and 72% sequence identity (84% sequence similarity) to the opportunistic fungal 

pathogen Aspergillus fumigatus serine protease Alp2 (genbank Y13338).
181

  PepC also 

has 71% sequence identity (83% similarity) to the vacuolar serine protease Pen ch 18 

(genbank AF263454) from the fungal allergen Penicillium chrysogenum.
182

  Both the A. 

fumigatus and P. chrysogenum homologs are known to be allergens, which suggests that 

C. posadasii PepC may also interact with host immune defenses and thus may function 

well as a vaccine component. 
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3.3.4.2 Leucine aminopeptidase (65.m01902) Lap1 

 This protein was identified in 48SDS and 96SDS samples from 6 peptides 

comprising 13.1% sequence coverage (66/503 residues), and contains a predicted N-

terminal signal sequence and 3 predicted N-glycosylation sites.  Lap1 has 27% sequence 

identity to human folate hydrolase and 61% sequence identity (76% similarity) to the 

dermatophyte Trichophyton rubrum Lap1/Lap2 (there is some confusion as to the correct 

name of this protein.  It is known as Lap2 in the paper,
183

 but the sequence is designated 

Lap1 in genbank AY496929).  T. rubrum Lap2 (as identified in the paper) is identified in 

cell culture supernatant by western blot using antisera specific to Lap2, indicating that the 

protein is secreted from the cell.  This finding, along with the predicted N-terminal signal 

sequence and putative glycosylation sites suggest this protein may be secreted from the 

cell and potentially interact with host immune defenses. 

 

3.3.4.3 Unknown 1 (67.m08112) Unk1 

 This protein was identified in 96SDS and 120Trp from 4 peptides comprising 

32.6% sequence coverage (35/138residues), and exhibits 32% sequence identity (32/99 of 

138 residue protein expectation score = .016) to human myosin-4.  This protein matches 

only hypothetical and predicted proteins of unknown function from fungal BLAST 

search.  Unk1 contains a predicted transmembrane helix, a predicted N-terminal signal 

sequence, as well as a RGD cell attachment sequence indicating the possibility that Unk1 

is an external protein involved in cell-cell or cell-extracellular matrix interactions.
184
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3.3.4.4 Unknown 2 (65.m02093) Unk2 

 This protein was identified in 96SDS and 120SDS from 4 peptides comprising 

28.3% sequence coverage (54/191 residues) and has 31% sequence identity (18/57 of 191 

residue protein; expectation score = 1.8) to human muscle alpha kinase.  This protein 

matches only hypothetical and predicted proteins of unknown function from fungal 

BLAST search.  Unk2 contains a predicted N-terminal signal sequence, and GPI anchor 

indicating cell membrane or cell wall anchoring.   

 

3.3.4.5 Subtilisin-like serine protease (13.m01927) Sub 

 This protein was identified in only 48 hour spherule SDS wash from 3 peptides 

comprising 8.5% sequence coverage (34/400 residues), and contains a predicted N-

terminal signal sequence and 3 predicted N-glycosylation sites.  Sub exhibits 28% 

sequence identity to human convertase subtilisin/kexin type 9, and has significant 

homology to a subtilisin gene family (Sub1 through-Sub7) identified in the dermatophyte 

Trichophyton rubrum.
185

  C. posadasii Sub has 47% sequence identity (62% similarity) to 

Sub3,and 45% identity(64% similarity) to Sub4, both of which were detected in 

supernatant of cultured T. rubrum cells indicating secretion.  These findings, with the 

predicted signal sequence and glycosylation suggest Sub may be a secreted serine 

protease, and may function as a vaccine component. 
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3.3.4.6 Unknown 3 (73.m03696) Unk3 

 This protein was identified in 96SDS from 3 peptides comprising 21.1% sequence 

coverage (39/185 residues) and has 41% sequence identity (13/31 of 187 residue protein 

expectation score = 0.70) to the human rootletin protein.  Unk3 matches only 

hypothetical and predicted proteins of unknown function from fungal BLAST search.  

This protein contains a predicted N-terminal signal sequence, and GPI anchor indicating 

cell membrane or cell wall anchoring.   

 

3.3.4.7 Fasciclin domain containing protein (52.m06501) Fdc 

 This protein was identified in 48SDS from 2 peptides comprising 5% sequence 

coverage (22/443 residues) and has 27% sequence identity to human transforming growth 

factor protein.  Fdc has 43% identity (61% similarity) to fasciclin domain family protein 

in Aspergillus fumigatus, and contains a predicted N-terminal signal sequence, as well as 

four predicted N-glycosylation sites.  Fdc contains a fascicilin domain, which is predicted 

to function in cell-cell and cell-extracellular matrix interactions.
186

  This domain, 

combined with the predicted signal sequence and glycosylation sites, suggests C. 

posadasii Fdc may be involved in extracellular interactions.   

 

3.3.4.8 Dipeptidyl-peptidase V (52.m06922) DppV 

 This protein was identified from only one peptide predicted from two spectra 

from 48hr spherule SDS wash.  This protein has 21% sequence identity to human peptide 

hydrolase, and 64% sequence identity (78% similarity) to A. fumigatus Dipeptidyl 
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dipeptidase V (DppV).  The A. fumigatus DppV is a protein recognized by sera from 

human and mouse aspergillosis patients,
187

 suggesting the C. posadasii homolog may 

also elicit an immune response.   

 Due to the single-peptide identification, this MS/MS spectrum was re-analyzed 

both manually (shown in Figure 3.6) and using the search algorithm Mascot (searching 

against the NCBI non-redundant database).  All three database search algorithms 

employed agree on the same peptide identification.  The results of these searches were:  

SEQUEST (+2 ion XCorr = 3.916), XTandem (log(e)= -7.1) and Mascot (score = 37 vs 

nr database).  Manual analysis of the spectrum shows a good b and y-ion series coverage.  

Based on this analysis, we have confidence in this peptide identification. 

 

3.3.4.9 Glycosyl hydrolase family 16 (67.m08732) Gh16 

 This protein was identified from one peptide predicted from two spectra from 

48hr spherule cell wall trypsin digestion, with 33% sequence identity (39/115 of 417 

residue protein expectation score = .040) to human RNA polymerase II.  Gh16 exhibits 

49% sequence identity (64% similarity) to putative cell wall glucanase of Aspergillus 

clavatus  Gh16 contains a predicted N-terminal signal sequence as well as a predicted 

GPI-anchor.  These predictions, combined with the homology to a predicted cell wall 

associated protein of A. clavatus suggest Gh16 is extracellularly associated.  It is worth 

mentioning that this protein does not match any of the 24 glycosyl hydrolase family 

proteins predicted from the C. immitis genome analysis undertaken by Cole and Hung in 

2001.
188
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 Due to the single-peptide identification, this MS/MS spectrum was re-analyzed 

both manually (shown in Figure 3.7) and using the search algorithm Mascot (searching 

against the NCBI non-redundant database).  All three database search algorithms 

employed agree on the same peptide identification for this protein.  The results of these 

searches were:  SEQUEST (+2 ion XCorr = 4.1794), XTandem (log(e)= -5.2) and Mascot 

(score = 44 vs nr database) all agree on identification.  Manual analysis of the spectrum 

shows a good b and y-ion series coverage.  Based on the manual interpretation of the 

spectrum, we have confidence in this peptide identification.  

 

3.3.5 Known antigen identification 

 Several of the previously identified protein antigens from Coccidioides (as 

described in section 1.1.5.3) were found in our comprehensive spherule cell wall 

proteomic analysis.  A summary of these antigens, along with what peptides and which 

dataset they were found in is shown in Table 3.5.  Some of the previously identified 

antigens were not found, including the Coccidioides Specific Antigen (CSA), the 

glucanosyltransferase GEL1, the Cu, Zn, Superoxide Dismutase (SOD), the Spherule 

Outer Wall glycoprotein (SOWgp), the T-Cell Reactive Protein (TCRP), and Urease 

(URE). 

 It is likely that CSA is not identified in our experiments because it is an 

exoantigen isolated from extracellular extracts of Coccidioides.  A similar reason may 

explain the absence of SOWgp in our data as well as URE.  In addition, URE is believed 

to be glycosylated
53

, which can preclude identification by mass spectrometry, using the  
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techniques described here.  The absence of GEL1 may be explained by its association 

with endospores and the discovery that its highest levels of expression occur during the 

late endosporulation stage after 120hrs post inoculation.
17

  The lack of identification of 

TCRP may be explained by its original identification from arthroconidia
64

 and thus the 

possibility that it is not expressed in the pathogenic phase of Coccidioides.  The missing 

SOD identification is likely due to the fact that it was identified from a largely cytosolic 

protein spherule extract (T27K)
41

 and is believed to be a cytoplasmic protein (J.M. 

Lunetta personal communication). 

 

3.3.6 Validation of antigen identification strategy 

 Each of the known antigens found in our cell wall proteome analysis was 

subjected to the same bioinformatic analysis used in our vaccine target search.  Table 3.6 

illustrates the results of this analysis.  Of the nine known antigens found in our analysis, 

only two of them, Hsp60 and PMP1 would not have been identified as potential vaccine 

antigen targets.  

 

3.4 Discussion 

 We have described here the first comprehensive proteomic analysis of 

Coccidioides posadasii spherule cell walls in an effort to identify proteins for future 

testing as coccidioidomycosis vaccine candidates.  Utilizing a strategy of mass 

spectrometry-based proteomic analysis we have identified a total of 645 proteins from 

multiple spherule samples using a combination of protein extraction and peptide  



 125 

separation techniques.  By employing a bioinformatic approach of human protein 

homology determination and prediction of extracellular localization sequence markers we 

have narrowed this expansive list down to 23 proteins that have not, to our knowledge, 

been previously identified as vaccine candidates.  These 23 proteins contain sequence 

cues along with low human protein homology that suggest they are viable protein targets 

for further testing as vaccine candidates. 

 We have found nine previously identified Coccidioides protein antigens, which 

indicates that our strategy of protein identification by proteomic analysis is sound.  We 
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have also shown that our bioinformatic analysis strategy of vaccine candidate prediction 

is relevant and suggests our identified vaccine candidates are worthy of further testing.   

 We have identified nine good protein vaccine targets based on extracellular 

localization sequence predictions and/or homology to proteins known to be antigenically 

active or extracellularly associated in other fungal species.  We have identified an 

additional 14 potential target proteins that have not been found to share homology with 

known antigenic proteins in other fungi but have somewhat ambiguous localization clues 

that suggest they may be extracellularly associated.  The nine proteins from the list of 

good targets are ready for immediate analysis as vaccine candidates.  The remaining 14 

proteins are of considerably higher risk for testing due primarily to their lack of definitive 

functional identification or localization, but may prove fruitful regardless.  We feel 

confident that the vaccine candidate targets described in this study will prove valuable in 

advancing the development of a vaccine for coccidioidomycosis.   
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4 CHAPTER FOUR:  DIFFERENTIAL PROTEIN EXPRESSION ANALYSIS OF 

COCCIDIOIDES POSADASII USING STABLE ISOTOPLE LABELING AND 

TANDEM MASS SPECTROMETRY 

 

4.1  Introduction 

 The search for a vaccine against coccidioidomycosis is one that has been on going 

for more than eighty years.  This human respiratory infection is caused by the dimorphic 

fungal pathogens Coccidioides posadasii and C. immitis, and is endemic primarily to the 

southwestern United States.  These soil-dwelling organisms have been cultured in the 

laboratory for decades in the search for vaccine components.  It is known that vaccines 

derived from the pathogenic spherule phase of the fungus are more effective in inducing 

immunity than the saprobic mycelia phase found in the soil.
26, 60

  Here we describe a 

proteomic analysis utilizing stable isotope labeling of proteins for differential 

quantification of mycelial and spherule proteins.  Proteins that are more highly or 

exclusively expressed in spherule cells compared to mycelial cells are likely candidates 

for vaccine development. 

 The area of differential proteomics has seen several advances in recent years.  

Several techniques have been used for differential quantitative analysis using mass 

spectrometry (a technology that does not alone lend itself well to quantitative 

measurement).  Many of the techniques involve differential labeling of proteins from 

different cell states using stable isotopes, such as deuterium, 
15

N, or even 
13

C.  There are 

two basic methods to label proteins with these isotopes.  The first method is known as 
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biological incorporation, where one cell state is grown on normal media, while the other 

cell state is grown on media enriched with the isotope being used.  The second method is 

known as chemical incorporation, where an isotopically-labeled tag is added to the 

protein mixture after cell growth is completed.  Each of these methods derive quantitative 

data from the relative ion intensities of the labeled and unlabelled proteins or peptides or 

the tags associated with those peptides.
111

 

 Biological incorporation of 
15

N is performed by culturing cells in 
15

N isotopically-

enriched media which allows for the incorporation of the isotope into all amino acids 

produced in the cells.
119, 120

  This method produces more complex mass spectra (due to 

incorporation of at least one 
15

N incorporated into each amino acid), but allows for 

detection of protein expression level differences as low as 10%.
115

 

 Established methods for culturing the two cell morphologies of Coccidioides 

posadasii allow for the isolation of the nitrogen source for cultured spherule cells to 

allow for 
15

N incorporation into all proteins produced by the cell.  Mycelia cells are 

cultured in a less defined medium that does not allow for the easy isolation of carbon or 

nitrogen sources.  Due to these limitations, we have performed a differential protein 

quantification of spherules collected at three life-cycle time points (48, 96 and 120 hrs 

post-inoculation).  These time points represent immature, mature and endosporulating 

spherules,respectively (See Figure 1.1).  The spherule cells are labeled with 
15

N followed 

by combination with normal 
14

N-containing mycelial cells, and analyzing by tandem 

mass spectrometry.  The overall experimental strategy for this study is shown in Figure 

4.1. 
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4.2  Materials and Methods 

4.2.1 Strains and growth conditions-Spherules 

 Arthroconidia harvested from Coccidioides posadasii strain Silveira (isolated in 

1951, a gift from H. B. Levine at the University of California, Berkeley) stock cultures 

were inoculated into 1L of modified Converse medium
176

 containing 99% 
15

N-labeled 

Ammonium Acetate (Sigma-Aldrich, St Louis, MO), at the following concentrations:  2.5 

× 10
9
 CFU for 48-hr spherules, 7.0× 10

8
 CFU for 96-hr spherules and 120-hr spherules.  

Samples were incubated at 38°C in 20% CO2 while shaking at 160 rpm for the 

appropriate time length.  All manipulations of potentially viable cells were conducted in 

biosafety level 3 (BSL-3) conditions utilizing approved standard operating procedures in 

laboratories registered with the Centers for Disease Control for select agent possession. 

 

4.2.2 Strains and growth conditions-Mycelia 

 Arthroconidia (as described above) were inoculated into 1L of liquid 2X GYE 

broth at a concentration of 1.0 × 10
8
 CFU, at 37°C while shaking at 180 rpm in room air 

for 48 hours.   

 

4.2.3 Cell disruption and cytoplasmic protein extraction 

 Spherules were harvested by centrifugation at 5100 rpm, 4°C for 30 min. and 

washed with sterile water.  Mycelia cells were collected by filtering through a sterile 

paper filter followed by drying and physical scraping to remove cells.  Pelleted spherules 

and collected mycelia cells were resuspended in equal volume cold lysis buffer (20mM 
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Tris-HCl pH 7.9, 10mM MgCl2, 1mM DTT, 200mM ammonium sulfate, 1mM PMSF, 

5% v/v glycerol and 1x protease inhibitor cocktail (Calbiochem, San Diego, CA)) and an 

equal volume glass beads.  Cells were then vortexed for 60 sec and placed on ice for 60 

sec, alternately, 8 times.  Disrupted cells were again centrifuged as above.  The 

supernatant was removed and proteins were precipitated in freshly prepared 10% cold 

Trichloroacetic Acid (Sigma-Aldrich, St Louis, MO) and allowed to sit on ice for 45 

minutes.  Precipitated proteins were centrifuged and washed with cold acetone prior to 

resuspension in 70% ethanol for 30 min to ensure complete sample sterilization per BSL-

3 standard operating procedure prior to removal from the laboratory.  After sterilization, 

sample was again centrifuged, resuspended in 1mL water and stored at -20°C. 

 

4.2.4 Protein quantification and digestion 

Precipitated protein samples were quantified by Bicinchoninic Acid (BCA) assay 

(Pierce, Rockford, IL) against a bovine serum albumin (BSA) standard after suspension 

in a BCA-compatible solubilization buffer (25mM Tris base, 192mM glycine, 0.1% SDS, 

pH=8.2).  Mycelia and spherule extracts were combined in a 1:1 ratio based on total 

protein concentration for a total concentration of 150 µg protein (75 µg each sample).  

Three samples were prepared for analysis:  Unlabeled (
14

N) Mycelia with labeled (
15

N) 

48 hour spherules, 96 hour spherules or 120 hour spherules.  The combined protein 

samples were subjected to disulfide bond reduction in 10mM Dithiothreitol (Fluka, 

Sigma-Aldrich, St Louis, MO) in 100 µL  of 100mM ammonium bicarbonate (AmBic) at 

50°C  for 1 hour, followed by cysteine carbamidomethylation with 55mM iodoacetamide 
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(Sigma-Aldrich, St Louis, MO) in 100 µL of 100mM AmBic at room temp for 45 

minutes in the dark.  Samples were then digested by incubation in 2µg proteomics-grade 

trypsin (Sigma-Aldrich, St Louis, MO) suspended in 300µL 100mM AmBic at 37°C for 3 

hrs.   

 

4.2.5 Sample preparation for MS/MS analysis 

 Trypsin-digested peptides were purified and concentrated with a C-18 solid-phase 

extraction cartridge (3M, St Paul, MN).  All samples were dried down to minimal volume 

(20 µL) and stored at -20°C until MS/MS analysis.   

 

4.2.6 HPLC 

 Peptide samples were analyzed by 2-D LC MS/MS (MuDPIT)
88

 with HPLC 

elution directed into an ESI source of a Thermo-Finnigan LTQ linear ion-trap mass 

spectrometer (Thermo Scientific, San Jose, CA).  Peptides from were loaded on a dual-

phase column consisting of 5 cm of 5µm polysulfoethyl-A strong cation exchange (SCX) 

resin (PolyLC Inc., Columbia, MD) upstream of 7cm of 5µm Zorbax Eclipse XDB C-18 

resin (Agilent Technologies, Palo Alto, CA, USA) packed into a 100 µm I.D. fused silica 

capillary pulled to a 5 µm tip using a laser puller (Sutter Instrument, Novato, CA).  

Electrospray voltage of 1.6-2.1 kV was applied using a gold or platinum electrode 

attached to a liquid junction upstream of the packing material.  Peptides were eluted 

using a 4-buffer system consisting of water with 0.1% formic acid (Buffer A), acetonitrile 

with 0.1% formic acid (Buffer B), 250mM ammonium sulfate (Buffer C), and 1.5 M 
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ammonium sulfate (Buffer D).  Samples were injected onto the column by direct bomb-

loading of the capillary using 500 psi UHP helium gas or by injection using a Surveyor 

autosampler (Thermo Scientific) with Buffer A to deposit the sample on the SCX phase 

of the column.  Peptides that did not deposit on the SCX were eluted off the RP material 

by a 5-50% gradient of Buffer B over 90 minutes followed by a 50-98% gradient over 5 

min and a 5 min wash of 95% Buffer B (5% Buffer A), followed by a 20-min re-

equilibration using 95% Buffer A (5% Buffer B).  Peptides that were deposited on the 

SCX were eluted in a series of 11 salt steps (from 10-100% Buffer C with a final step of 

50% Buffer D) consisting of a 5 min pulse of the salt followed by a 7 min wash of 95% 

Buffer A (5% Buffer B) prior to a 60 min gradient from 5-50% Buffer B, followed by 50-

98% Buffer B over 5 min and a 5 min wash of 95% Buffer B.  After the Buffer B 

gradient, the column is re-equilibrated with a wash of 95% Buffer A for 20 min to 

prepare the C-18 material for the next salt elution step.  Flow rates of 600 nL per min 

were calibrated prior to each run.  An overview of the MudPIT strategy is described in 

Section 1.2.3.1 of this dissertation, and the experimental details are described in Section 

3.2.6.2. 

 

4.2.7 MS/MS analysis 

 Peptides introduced into the mass spectrometer were scanned over the m/z range 

from 400 to 2000.  The seven most abundant peaks were selected for fragmentation in 

MS/MS using automatic peak recognition and a 30-second dynamic exclusion window 

after a maximum of 5 selections of the same parent ion.  Parent ions were fragmented by 
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RF excitation leading to collision induced dissociation with helium background gas at 

approximately 0.6 to 0.8 × 10
-5

 torr pressure in the ion trap.  Data were continually 

collected by Xcalibur instrument software version 1.4 SR1 (Thermo Scientific). 

 

4.2.8 Bioinformatics 

 MS/MS data produced as described were analyzed using the SEQUEST database 

search algorithm
82, 178

 against a FASTA database consisting of common contaminants 

(trypsin, human keratin, protein standards for MS calibration, etc) followed by the C. 

posadasii and  C. immitis sequences with protein sequences from 18 additional fungi as 

shown in Table 3.1.  Xcalibur .raw files were searched using TurboSEQUEST 

(BioWorks v 3.1) on a 16-processor IBM Beowulf cluster.  DTA files were generated by 

SEQUEST according to the following criteria (for explanation of these criteria see 

Section 3.2.7):  Peptide MW Range = 400-3500 Da; Threshold = 100; Precursor Mass = 

1.50; Group Scan = 42; Minimum Group Count = 2; and Minimum Ion Count = 10.  

SEQUEST searches were performed with no enzyme specified utilizing the default 

search parameters except:  peptide mass tolerance = 1.5 Da; max number of modified 

amino acids per differential modification in a peptide = 4; static modification of +57.0 Da 

for carbamidomethylated cysteine; a differential residue modification of +16.0 Da for 

oxidized methionine; maximum of 2 internal cleavage sites; one allowed error in 

matching auto-detected peaks; and a mass tolerance of +/- 1.0 Da for matching auto 

detected peaks.  Each set of .raw files was searched with SEQUEST twice using a 

standard sequest.params file and again with a sequest.params file altered to search for 
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15
N-labeled peptides using static mass additions corresponding to the correct number of 

nitrogen atoms in each amino acid. 

 Search results from SEQUEST were filtered using DTASelect and Contrast (v 

1.9)
179

 with the default cutoff parameters (+1 ≥ 1.8, +2 ≥ 2.5, +3 ≥ 3.5, ∆Cn ≥ 0.08), 

specification of at least half-tryptic peptides, minimum of two peptide identification per 

protein  and automated removal of all common contaminant identifications. 

 

4.2.9 Differential quantification 

 The relative protein expression levels between the 
14

N mycelia and the 
15

N 

spherules were calculated by the RelEx algorithm.
189

  Use of RelEx provides an 

automated method of calculating peptide ratios from stable isotope proteomic 

experiments by calculating the ion current ratios from the ion chromatogram.  The 

algorithm was used with the default parameters, except for the following.  The 

EXTRACT-CHRO utility was run with a 99.0% 
15

N atomic enrichment setting (based on 

the 
15

N percentage of the labeled ammonium acetate used for cell media).  After 

extraction of the ion chromatograms, a minimum signal-to-noise cutoff of 5, and 

regression filter cutoffs of 0.5 were used to filter the data as per Kolkman et al.
190

  After 

peptide ratio calculation by RelEx on each of the three repeated experiments per spherule 

time point, the protein identifications were combined and filtered by a minimum of two 

peptides identified per protein, and coefficient of variation (the average peptide ratio 

divided by the standard deviation) of less than 25%.  In addition to these criteria, all 

quantified proteins had to be identified in all three experiments to be included.  Protein 
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identifications found in all three of the 
15

N SEQUEST searches per time point, but not 

found in any 
14

N SEQUEST searches were included as proteins exclusively produced in 

spherules. 

 

4.3  Results 

 In an effort to identify new protein antigen targets against coccidioidomycosis, we 

utilized a method of stable isotope labeling to identify those proteins that are more highly 

expressed in the pathogenic spherule phase of C. posadasii than in the saprobic mycelial 

phase.  To do this, we cultured mycelia using typical methods,
71

 using standard 
14

N-

labeled media, and cultured spherule cells in modified Converse medium
176

 using 99% 

15
N ammonium acetate as the sole nitrogen source.  Three time points of spherule cells 

were collected (48, 96 and 120 hours post-inoculation), along with mycelia cells cultured 

for 48 hours.  The cell were disrupted, and the cytoplasmic proteins from both cell types 

were precipitated and combined in a 1:1 ratio based on total protein concentration.  These 

combined protein samples were then analyzed by MudPIT tandem mass spectrometry for 

protein identification and quantification.   

 

4.3.1 Protein quantification 

 We utilized the quantitative analysis algorithm RelEx
189

 to analyze our MudPIT 

data for the determination of relative protein quantities between mycelia and our three 

spherule time points.  This algorithm functions by determining the liquid chromatography 

elution profile of peptides identified by the search algorithm SEQUEST from the MS/MS 

data.  Figure 4.2 illustrates a typical ion chromatogram from a MudPIT analysis, 
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including an MS spectrum with two parent ions that were identified as a 
14

N and 
15

N-

labeled peptide pair from the antigen target protein PepC identified in the spherule cell 

wall proteome analysis described in Chapter 3 of this dissertation (See section 3.3.4.1).  

The parent ions 645.49 m/z and 653.45 m/z were subsequently fragmented and analyzed 

in a second round of MS as shown in Figure 4.3.  The RelEx program uses the SEQUEST 

output file that identified the 645.49 ion as a PepC peptide to calculate the mass of the 

corresponding 
15

N labeled peptide.  RelEx then searches the ion chromatogram for both 

parent ions that elute within a time period corresponding to 50 MS scans above and 

below the MS/MS spectrum used by SEQUEST to identify the 
14

N peptide.  The relative 

protein concentration ratio is subsequently calculated as the total ion intensities (over the 

100 scan window) for the unlabeled 
14

N peptide divided by the total ion intensities for the 

15
N-labeled version of the peptide.  As can be seen in Figure 4.3, both peptides exhibit 

essentially identical fragmentation spectra, with the exception of the m/z ratios of the 

peaks corresponding to the 
15

N incorporation. 

 

4.3.2 SEQUEST analysis of 
15

N-labeled peptides 

 Incorporation of 
15

N in peptides identified by mass spectrometry results in an 

inflation in ambiguous identifications due to the 
15

N-induced increase in nearly isobaric 

amino acids.
121

  In normal 
14

N-labeled proteins, the amino acid pairs of leucine/isoleucine 

and glutamine/lysine are isobaric in all but the highest resolution mass spectrometers.  

When 
15

N labeling of all amino acids is performed, the additional amino acid pairs of  
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asparagine/aspartic acid and glutamine/glutamic acid become isobaric in addition to the 

previously mentioned pairs.  This leads to ambiguity in peptide sequence identification 

via mass spectrometry, and an overall decrease in the number of proteins identified by 

common protein sequence database search algorithms.  For example, the search algorithm 

SEQUEST calculates a cross correlation (XCorr) score for each peptide identified as a 

measure of sequence identification confidence.  When the XCorr of the two highest 

scoring peptides for a spectrum are closer than a pre-determined amount (known as the 

∆Cn cutoff), the peptide assignment for that spectrum is not reported.   

 An example of this phenomenon of decreased protein identifications in 
15

N-

labeled samples is illustrated in Table 4.1.  Here we show the number of proteins 

identified by SEQUEST in three experimental samples consisting of mycelial and 96- 

hour spherule proteins.  In experiment number three, the total number of 
15

N-labeled 

proteins identified with either a minimum of one or two peptides per protein is 

significantly lower than the total number of 
14

N proteins identified from the same 

experiment.  When we consider that both the mycelia and spherule samples consist of 

soluble cytoplasmic proteins, we would expect the total number of proteins identified to 

be roughly the same.   

 Using a method described by Nelson et al,
121

 we have increased the number of 

total proteins identified in 
15

N searches by lowering the  ∆Cn cutoff score from 0.08 to 

0.04, without increasing the protein false discovery rate (FDR) above 1%.  While this 

change only allowed an increase from 142 to 148 proteins identified by two peptides or 

more, further reduction in the ∆Cn cutoff was not undertaken for fear of passing a 1%  
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FDR.  An analogous strategy was used for the data analysis of the mycelia-48 hour 

spherule samples, resulting in a ∆Cn cutoff decrease from 0.08 to 0.02 (data not shown).  

A corresponding change to ∆Cn cutoff scores in mycelia-120 hour spherule samples was 

not done, due to 
15

N protein identification levels that were already comparable to 
14

N 

identifications.   

 

4.3.3 Protein identifications in 
15

N labeled spherule samples 

Using the quantification algorithm RelEx, we have identified a substantial number 

of proteins produced in both mycelial and spherule cells.  Table 4.2 lists all proteins 

identified by RelEx from MudPIT data sorted by spherule time point and 
14

N/
15

N ratio 

(mycelia/spherule ratio).  These data were generated as described, and the proteins listed 

consist of only those proteins that were found in all three experiments for each time point, 

with a minimum of two peptides per protein identified.  The 
14

N/
15

N ratio that is reported 

was calculated as the average ratio of all identified peptides between the three 

experiments.  In addition, the standard deviation is reported as well as the coefficient of 

variation (CV) which is the standard deviation expressed as a percent of the average ratio 

(calculated as:  SD/ratio * 100).  A total of 73 proteins were identified from mycelia with 

48 hour spherules, 59 from mycelia-96 hour spherules, and 56 from mycelia-120sph.   

 The total list of proteins identified was further reduced by limiting the possible 

target candidates to only those proteins that were expressed in higher abundance in 

spherules than the mycelia.  In addition, any protein identified with a Mycelia/spherule 

ratio coefficient of variation (CV) greater than 25% was excluded, from a method  
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adapted from Kolkman et al.
190

  The final list of high abundance spherule proteins 

identified from all spherule time points with sequence prediction and human homology 

analysis is shown in Table 4.3.  There are a total of 4 proteins that are considered good 

protein antigen targets, one of which (the Subtilisin-like protease, PepC) has been 

previously described in Chapter 3 of this dissertation.  The remaining three proteins are 

described below.   

 

4.3.3.1 Isochorismatase-family protein (67.m09017) IFP 

This protein is predicted to be a potential vaccine antigen target based on 

identification only in spherule cells and the prediction of an N-terminal signal sequence.  

This protein was identified in 96 and 120 hour spherules, but not in mycelia.  This protein 

has 36% sequence identity to the human Isochorismatase-domain protein ISOC1.   

 

4.3.3.2 Ketol-acid reductoisomerase (72.m02091) KAR   

 This protein was found to be more highly expressed in 48 and 96 hour spherules, 

and contains a predicted N-terminal signal sequence suggesting possible extracellular 

transport.  

 

4.3.3.3 Flavodomain-containing protein (73.m03535) CpY20 

This protein exhibits 33% sequence identity (22/51 of 203 residue protein 

expectation score = 0.34) to an unknown function human protein.  This protein was 

identified in the spherule cell wall analysis presented in Chapter 3, but was not selected 
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as a vaccine antigen candidate due to the lack of any predicted extracellular localization 

clue.  Since it is approximately three times more abundant in 48 hour spherule cells, a 

closer inspection was made, and it was discovered that this protein is a likely homolog of 

the fungal pathogen Paracoccidioides brasiliensis Pby20 protein.
191

  CpY20 and PbY20 

share 78% sequence identity and 86% sequence similarity.  PbY20 was also identified as 

a protein more highly expressed in the yeast form of the dimorphic pathogen, which is 

analogous to the spherule form in Coccidioides.  In the same analysis, PbY20 was 

localized to the cytoplasm as well as to the cell wall.  

 In addition to the homology to the PbY20 protein, CpY20 also exhibits high 

sequence identity with two identified allergen proteins Cla h5 and Alt a7 produced by the 

allergenic molds Cladosporium herbarum and Alternaria alternata, respectively.  CpY0 

shares 63% sequence identity (74% similarity) with Cla h5 (also reported as Cla h7 in 

GenBank), and 67% identity (80% similarity) with Alt a7.  Interestingly, CpY20 was also 

identified in a recent differential proteomic analysis of C. posadasii
71

 where it was 

identified as a benzoquinone reductase and found to be approximately twice as abundant 

in 96 hour spherules as in mycelia.  Due to the high level of spherule expression and 

homology to antigenically active allergen proteins, CpY20 is a strong candidate for 

further testing as a vaccine candidate for coccidioidomycosis.   

 

4.3.3.4 Unknown function proteins 

As presented in Table 4.3, there are five unknown function proteins that were 

found in spherules but not in mycelia.  These proteins all exhibit low or moderate human 
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homology, but give no indication of cellular function, except one that shows some 

similarity to a myocardin-related transcription factor.  These proteins do not have any 

predicted sequence clues to indicate extracellular association, but their identification in 

only spherule cells suggests they may be spherule specific.  It is for this reason alone that 

they are included here. 

 

4.3.3.5 Non-antigen target proteins with predicted signal sequences 

As shown in Table 4.3, there are four other proteins identified as more highly 

abundant in spherules that have sequence predictions, but are not predicted to be antigen 

targets.  One of these proteins (51.m00579) is predicted to have a membrane-spanning 

region, but is likely associated with the mitochondrial inner membrane, and not 

extracellularly associated.  Another protein (65.m01966) is predicted to contain an N-

terminal signal sequence, but is predicted by homology to be vacuolar associated.  The 

protein 12.m07863 is also predicted to have an N-terminal signal sequence, but this 

protein is likely mitochondria-associated, and has a questionable signal sequence 

prediction probability of only 27%.  The final protein with a predicted signal sequence is 

52.m07022.  This protein has a 62% N-terminal signal sequence probability, but is not 

considered an antigen target due to high human homology with 55% identity to the 

human phosphoadenosine phosphosulfate synthetase protein. 
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4.3.4 Comparison of relative protein quantification and relative mRNA expression levels 

 Using data produced from a serial analysis of gene expression (SAGE) study 

(performed by the Orbach research group in the Department of Plant Sciences at the 

University of Arizona)
192

 comparing C. posadasii mycelia and spherule gene expression, 

we compared the protein abundance predictions from 
15

N labeling experiments to the 

mRNA levels from SAGE analysis.  Included were only those proteins that were 

identified in both the SAGE and MS/MS experiments and present in both cell types (i.e. 

no mycelia-only or spherule-only proteins).  The results of this comparison are shown in 

Figures 4.3, 4.4 and 4.5.  Each figure contains mycelia/spherule expression ratios for 

those genes with data from both experiments, including error bars indicating standard 

deviation of 
14

N/
15

N ratio averages based on three independent MS/MS experiments  
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performed on the same mycelia/spherule sample.  Each chart also contains a 1:1 

correlation line for reference.  

 

4.4  Discussion 

 We have described here a proteomic analysis of the C. posadasii cytoplasmic  

proteome using stable isotope labeling combined with 2-dimensional liquid 

chromatography tandem mass spectrometry in the search for protein vaccine antigen 

targets that are more highly expressed in the pathogenic spherule phase of the organism.   

With the help of a protein database search algorithm (SEQUEST) for protein 

identification and an algorithm for differential protein quantification (RelEx), we have 

identified a list of three new vaccine candidates along with one previously identified from 

the spherule cell wall proteome analysis described in Chapter 3.  In addition to these four 

proteins, we have also identified five unknown function proteins that appear to be 

expressed only in spherules but cannot be localized by homology to known proteins to 

determine if they are extracellularly associated or similar to known antigenic proteins.  

These proteins may be worth further analysis, but with a possible risk of analyzing 

ineffective vaccine candidates. 

 Within our results, we have identified a known C. posadasii vaccine candidate, 

the Peroxisomal Membrane Protein (PMP1) that was identified in a previous differential 

protein expression analysis
71

 and is known to be preferentially expressed in spherules.  In 

addition, we have identified another known antigen, the recently reported
41

 Cu, Zn 

superoxide dismutase that was not identified in the cell wall analysis from Chapter 3.  
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This protein is expected to be highly abundant, and is also predicted to be a cytoplasmic 

protein by homology (J. Lunetta personal communication).  Both of these identifications 

serve to validate our technique for vaccine discovery. 

 During the data analysis of this work, we discovered an interesting trend in 

protein identification in 
15

N labeled spherules from different time points.  In order to 

increase the total number of proteins identified using 
15

N-specified search parameters 

compared to 
14

N-specific searches of the same data we reduced the SEQUEST ∆Cn 

cutoff score down from 0.08 (default setting) to 0.02 in 48 hour spherules, 0.04 in 96 

hour spherules, and no decrease in 120 hour spherules.  The reason for this trend of 

greater protein ambiguity in younger 
15

N labeled spherules is unknown.  Perhaps there is 

some residual effect of 
14

N-labeling in the arthroconidia spores used as the source cells 

for spherule production. 

 In the course of this study, we also compared the protein expression levels as 

produced by 
15

N labeling experiments with mRNA expression levels from a serial 

analysis of gene expression (SAGE) experiment from a collaborating group.  We were 

not able to find any discernible trend in these two expression profiles, much in line with 

previous studies.  One study came to the conclusion that mRNA levels “provide little 

predictive value” when compared to protein expression.
193

  Other studies have supported 

this conclusion,
194

 even suggesting that changes in mRNA levels are only responsible for 

up to 40% of the variation in protein expression.
195

  Thus, the lack of correlation 

presented here is not without precedent, and in fact supports the strategy of protein 

expression evaluation by proteomic analysis or other methods. 
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 It is important to note, however that the spherule cell culture conditions between 

the SAGE study and the proteomic analysis were slightly different.  While both 

experiments were performed using C. posadasii strain Silveira using modified Converse 

media, the 
15

N-labeling was done without the addition of NZ amine in order to isolate the 

nitrogen source for labeling.  NZ Amine is an enzymatic digest of the milk 

phosphoprotein casein which is used as a source of raw amino acids and small peptides in 

the cell culture medium, but is not absolutely necessary for the growth of spherules in 

culture.  This additional carbon and nitrogen source does effect the growth of spherules in 

culture, and may be partly responsible for the lack of correlation between mRNA and 

protein levels. 

 By utilizing cutting edge research techniques like stable isotope labeling and 

tandem mass spectrometry-based proteomic analysis, we have advanced the search for 

protein vaccine candidates for coccidioidomycosis.  From this analysis, we have 

identified spherule-dominant protein targets for further testing of vaccine components.  

We have also shown that analysis of protein expression levels is something that requires 

direct measurement of protein, rather than inference from mRNA expression levels. 
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5 CHAPTER FIVE:  SUMMARY AND FUTURE DIRECTIONS 

 

5.1 Summary of described work 

 The work presented in this dissertation represents a coalescing of multiple 

disciplines and areas of study such as analytical chemistry, bioinformatics, cell biology, 

and immunology.  It is this bridging of scientific disciplines that helps to drive today’s 

rapid flow of advancement in disease research in the biological sciences.  In Chapter 2, a 

bioinformatic-based strategy of identifying proteins from single peptides in biological 

samples is described.  Using a combination of protein database search algorithms we 

demonstrate an easily adopted method of increasing protein detection sensitivity derived 

from empirical analysis of protein identifications.  In Chapter 3, this method is employed 

in the most comprehensive study of Coccidioides posadasii spherule cell wall proteins to 

date.  This study utilized a combination of proteomics and bioinformatic approaches to 

identify several spherule protein antigen candidates for further immunologic testing as 

coccidioidomycosis vaccines.  Chapter 4 describes the first application of stable isotope 

labeling for protein quantification in either Coccidioides species for the discovery of high 

abundance spherule antigens.  As a result of these analyses, we have identified 10 

proteins that are excellent candidates for immunologic testing as protein-based vaccines, 

including 17 additional unknown function or localization proteins that may be 

immunogenic but with substantially higher risk for analysis as vaccines. 
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5.2  Mass spectrometry and proteomics 

 As detailed in Chapters 1 and 2, there are a multitude of protein database search 

algorithms in use for peptide identification from mass spectrometric analyses.  As 

described, these algorithms are far from perfect when it comes to complete automated 

identification of proteins in complex mixtures.  The most pressing need at this time is for 

further understanding of peptide fragmentation in tandem mass spectrometry 

experiments.  Current algorithms do very little, if any, matching of ion intensities from 

MS/MS spectra.  Simple incorporation of knowledge like the tendency for increased 

cleavage N-terminal to proline residues
103

 as well as changes in cleavage patterns based 

on the number and location of basic residues in a peptide
196

 would likely improve the 

accuracy of current peptide matching algorithms.  While some of this has already 

occurred, (see the description of XTandem in Section 1.2.6.1.3) more integration of this 

knowledge into search algorithms is necessary 

 A concept as simple as the application of liquid chromatography retention times 

to peptide identification would be useful in MS/MS experiments.  Currently, LC is 

primarily used for separation of peptide mixtures prior to MS analysis.  The LC process is 

capable of providing more information regarding peptide identification than is currently 

utilized.
197

  There has been considerable work done regarding the use of LC retention 

times (as reviewed in 
198

) in proteomic analyses, however this technique primarily 

involves the coupling of LC retention times with accurate mass tags (AMTs) generated 

by high mass accuracy instruments such as FTICR or TOF mass spectrometers.  While 

beneficial, this process does not allow the use of more common quadrupole and linear ion 
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traps so often used in proteomics.  However, the use of LC retention times could still be 

used in these instruments.  For example:  a spectrum that matches two peptide sequences 

well is likely to be thrown out as too ambiguous by current search algorithms.  If the two 

peptides are sufficiently different in terms of hydrophobicity, the LC gradient conditions 

at the time of fragmentation could be used to rule out one of the matches, resulting in a 

decrease in overall false negative identifications.  This is another aspect of peptide search 

algorithm development that could provide beneficial capabilities. 

 Identification of proteins from single peptides found in MS/MS analysis is an area 

that requires further study.  While a technique for improving the protein identifications of 

proteomic analyses is detailed in Chapter 2, this method is merely a stopgap measure of 

increasing the data from a proteomic analysis.  It can be argued that the SEQUEST and 

XTandem search algorithms are similar enough to each other (as described in section 

1.2.6.1) such that they make the same incorrect assignment for a spectrum.  While this 

argument certainly has merit, in practice the dual algorithm technique produces very 

different results between the search programs.  A good example of this is the fact that in 

all of the MS/MS experiments performed on spherule cell walls (See Chapter 3), the 

majority (>90%) of the validated single peptide identifications were from Coccidioides 

posadasii proteins.  It is important to realize that an incorrect peptide match is a random 

event, and therefore the incorrect peptides should be found from a random sampling of 

organisms present in the search database used (as shown in Table 3.1).  Given that C. 

posadasii proteins comprise less than 4% (7202/201596) of the total number of protein 

sequences in the database, random C. posadasii matches should also be correspondingly 
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low.  The fact that most of the protein identifications come from C. posadasii suggest 

single peptide identifications, as selected by both SEQUEST and XTandem, are not 

comprised of random matches. 

 

5.3  Vaccine development efforts for Coccidioides spp. 

 Given that no single vaccine antigen identified to date provides protective 

immunity to the same degree as killed-cell vaccines, it is reasonable to predict that a 

vaccine fielded for coccidioidomycosis will be multivalent
70

, or perhaps chimeric.
52

  

While we have not finished the task of identifying antigenic proteins for vaccine 

development, more comprehensive analyses of multiple-protein vaccines need to be 

undertaken.   

It is important to understand, however, that the efficiency of a protein vaccine is based on 

more than just the amino acid sequence of the proteins included.  There are additional 

issues such as the degree and type of protein post-translational modifications (PTMs) 

such as glycosylation that are present in Coccidioides-produced proteins that are not 

duplicated in standard expression systems such as E. coli or S. cerevisiae.  If 

Coccidioides-produced PTMs are important in the host immune response, those PTMs 

are unlikely to be duplicated in an expression system in another organism.  In addition, 

adjuvant selection is important in initiating the proper immune response.  It is known that 

a Th1 (cell-mediated) immune response is more indicative of a good clinical prognosis, 

while a Th2 (antibody) mediated response is considered a poor protective response.
3
  The 

combination of adjuvant and the antigen(s) present in the vaccine help determine which 
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immune response pathway is initiated.  An understanding of the effects of glycosylation, 

adjuvant selection, as well as the type of immune response desired is also very important 

in the vaccine development effort.   

 Additional studies to evaluate the vaccine effectiveness of the protein vaccine 

candidates identified by the proteomic methods described here will be undertaken in 

future work.  These candidates will ultimately be tested in mouse survival studies 

typically used for evaluation of recombinant protein antigens for effectivene immunity 

against coccidioidomycosis.  Prior to this expensive, labor intensive process, however, it 

would be beneficial to evaluate these proteins using antibody-based methods.  Two such 

methods have been discussed, including a microarray system in which proteins of interest 

are added to the array by in vivo cloning of the gene followed by in vitro transcription 

and translation.
199

  The native protein is then attached to the array plate and evaluated for 

antigenic properties by passing sera from infected human patients over and looking for 

antibody recognition of the arrayed proteins.  This method could prove useful in 

evaluating these vaccine candidates, however there are some drawbacks to be familiar 

with.  First, since the in vivo cloning cannot easily be performed in Coccidioides, any 

protein produced by in-vitro methods would not have the same post translational 

modifications as the true native protein.  Second, antibody recognition of three-

dimensional structure is not as likely to occur as primary sequence recognition.  This is 

due to the fact that antigen presenting cells in the immune system will proteolyze the 

antigen and only present peptide antigens for antibody recognition, rather than native 

structure.  An alternative testing strategy is being proposed by the Biodesign Institute at 
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Arizona State University in which 20-residue peptides encompassing the entire sequence 

of the candidate protein to be tested are attached to a microarray plate and evaluated for 

antibody recognition in the same manner as described above.  This method would 

evaluate antibody recognition of primary amino acid sequence.  This method is currently 

limited by a need to eliminate cysteine residues from the oligopeptides attached to the 

array plate.  This would prevent analysis of protein sequence regions containing cysteine 

residues.  Despite the drawbacks described, either of these microarray systems would 

likely be beneficial in the testing of proposed protein vaccine candidates. 

 

5.4 Stable isotope labeling and protein expression quantification 

 As explained in Chapter 4, stable isotope labeling is a valuable technique for 

differential protein expression analysis, but it certainly comes with limitations.  While the 

method of 
15

N labeling described here carries the advantages of biological incorporation 

as well as labeling of all peptides (as opposed to a residue-specific modification), the 

increased complexity of labeled peptides introduces additional ambiguity in protein 

identification.  One way to help minimize this effect is to use a dual-labeling 

experimental approach in which each of the cell types is separately 
15

N labeled and 

analyzed with the unlabeled cell type.  Proteins quantified in this manner can be 

correlated between experimental runs for verification purposes.  Unfortunately, this is not 

easily performed with the spherule-mycelia comparison as described, since the mycelia 

cell culture medium is significantly less defined than the spherule media, which makes 

isolation of the mycelia nitrogen source problematic.  One possible solution to this would 
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be 
15

N labeling of S. cerevisiae
200

 to produce a labeled yeast extract for use in mycelia 

growth media.  Since protein identification of unlabeled samples is less problematic, 

more spherule proteins would likely be identified in a 
14

N spherule-
15

N mycelia study and 

correlated to expression levels in mycelia. 

 Although the comparisons between mRNA and protein expression levels do not 

correlate well in the experiments described in Chapter 4, further use of mRNA expression 

data is not without benefit.  Amplification of mRNA allows for the identification of gene 

products that are in low abundance, which are often missed by MS/MS analysis.   Recent 

analyses of specific mRNA to protein correlations suggest that only 20%-30% of the 

difference between protein concentrations is attributable to mRNA levels alone.
201

  One 

of the reasons for poor mRNA to protein correlation include the translational activity 

(TA) of a gene
202

, which is calculated from the mRNA abundance and number of 

ribosomes per mRNA.  Others reasons include tRNA concentrations that can slow 

translation of proteins with sub-optimal codon usage,
203

 the blocking of mRNA 

translation,
202

 or changes in protein degredation.
204

  A gene-specific analysis of any or all 

of these translational control mechanisms is necessary to characterize protein abundance 

from mRNA levels.   

 

 The views expressed in this dissertation are those of the author and do not reflect 

the official policy or position of the Air Force, Department of Defense or the United 

States Government. 
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